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(57) ABSTRACT

To provide a photoelectric conversion device with improved
photoelectric conversion characteristics and cost competi-
tiveness. A photoelectric conversion device imncluding a semi-
conductor junction has a semiconductor layer in which a
needle-like crystal 1s made to grow over an 1impurity semi-
conductor layer. The impurity semiconductor layer 1s formed
of a microcrystalline semiconductor and includes an impurity
imparting one conductivity type. An amorphous semiconduc-
tor layer 1s deposited on a microcrystalline semiconductor
layer by setting the tlow rate of a dilution gas (typically silane)
to 1 time to 6 times the flow rate of a semiconductor source
gas (typically hydrogen) at the time of deposition. Thus, a
crystal with a three-dimensional shape tapered in a direction
of the deposition of a film, 1.e., 1n a direction from the micro-
crystalline semiconductor layer to the amorphous semicon-
ductor layer 1s made to grow.

18 Claims, 22 Drawing Sheets
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PHOTOELECTRIC CONVERSION DEVICE
AND METHOD FOR MANUFACTURING THE
SAME

CROSS-REFERENCE TO RELAT
APPLICATIONS

s
w

This application 1s a divisional of U.S. application Ser. No.
12/422,577, filed Apr. 13, 2009, now allowed, which claims
the benefit of a foreign priority application filed 1n Japan as
Serial No. 2008-116079 on Apr. 25, 2008, both of which are

incorporated by reference.

BACKGROUND OF THE

INVENTION

1. Field of the Invention

The present invention relates to a photoelectric conversion
device having a semiconductor junction and a method for
manufacturing the photoelectric conversion device.

2. Description of the Related Art

In response to global environmental 1ssues 1n recent years,
the market for photoelectric conversion devices typified by
solar cells such as residential photovoltaic systems has
expanded. Bulk photoelectric conversion devices which are
tformed using single crystal silicon or polycrystalline silicon
with high photoelectric conversion efficiency have already
been put into practical use. The photoelectric conversion
devices using single crystal silicon or polycrystalline silicon
are manufactured by being cut out of large silicon 1ngots.
However, it takes a long time to manufacture large silicon
ingots, which means productivity 1s low, and since supply of
raw materials of silicon 1tself 1s limited, the supply of silicon
ingots 1s insuificient and cannot respond to the expansion of
the market.

While shortage of si1licon materials 1s obvious as described
above, thin film photoelectric conversion devices formed
using amorphous silicon thin films and microcrystalline sili-
con thin films has attracted attentions. In thin film photoelec-
tric conversion devices, silicon thin films are formed over
supporting substrates by a variety of chemical or physical
vapor deposition methods. Therefore, 1t 1s said that thin film
photoelectric conversion devices can save resources and can
achieve low cost as compared to bulk photoelectric conver-
s1on devices.

In addition, a photoelectric conversion device formed
using a microcrystalline silicon thin film which can be manu-
factured by a plasma CVD method 1s developed (for example,
see Patent Document 1: Japanese Published Patent Applica-
tion No. 2000-277439).

As a crystal-system silicon film formed by a plasma CVD
method and a photoelectric conversion device using the crys-
tal-system silicon film, a photoelectric conversion device
using a semi-amorphous semiconductor are reported (for
example, refer to References 2 and 3: Japanese Examined
Patent Application Publication No. H2-53941 and Japanese
Examined Patent Application Publication No. $62-62073).
The semi-amorphous semiconductor has a semi-amorphous
or semi-crystalline structure, which is different from an amor-
phous semiconductor or a crystalline semiconductor.

SUMMARY OF THE INVENTION

However, the penetration rate of photoelectric conversion
devices using amorphous silicon thin films 1s lower than that
of hulk photoelectric conversion devices because problems of
photodegradation called Staebler-Wronski effect, lower pho-
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toelectric conversion efficiency than that of a hulk photoelec-
tric conversion device, or the like can not be overcome.

These problems can be solved by the present invention, and
it 1s an object of the present invention to improve photoelec-
tric conversion characteristics of a thin film photoelectric
conversion device.

One embodiment of the present invention 1s a photoelectric
conversion device which includes a semiconductor junction
and includes a semiconductor layer in which a crystal with a
three-dimensional shape tapered in a direction toward a sur-
face of a film (a needle-like crystal) grows over an impurity
semiconductor layer of one conductivity type which 1s
formed using a microcrystalline semiconductor. Further, a
main portion of a region which converts light into electricity
1s formed using a semiconductor layer 1n which a crystal with
a three-dimensional tapered shape (a needle-like crystal) 1s
made to grow.

A semiconductor source gas (typically, silane) and a dilu-
tion gas (typically, hydrogen) which are mixed in a mixing
ratio at which an amorphous semiconductor can be formed
are mntroduced 1nto a reaction space and plasma 1s produced to
deposit a film on a microcrystalline semiconductor layer. At
this time, the film 1s deposited by setting the tlow rate of a
dilution gas to 1 time to 6 times that of a semiconductor
source gas at the imtial stage of the deposition. Thus, an
amorphous semiconductor layer 1s deposited on the microc-
rystalline semiconductor layer, and a crystal with a three-
dimensional shape tapered 1n a direction of deposition of the
f1lm 1s made to grow 1n the amorphous semiconductor layer.
That 1s, a crystal extending 1n a direction of deposition of the
f1lm deposited on the microcrystalline semiconductor layer (a
needle-like crystal) 1s made to grow.

Alternatively, a semiconductor source gas and a dilution
gas which are mixed 1n a mixing ratio at which a microcrys-
talline semiconductor can be formed are introduced into a
reaction space and plasma 1s produced to deposit a film. Thus,
a microcrystalline semiconductor layer 1s formed. A film 1s
deposited on the microcrystalline semiconductor layer by
reducing the flow ratio of a dilution gas to a semiconductor
source gas as compared to a reaction gas used for deposition
of the microcrystalline semiconductor layer. Thus, an amor-
phous semiconductor layer including a crystal with a three-
dimensional shape tapered 1n a direction of deposition of the
film (a needle-like crystal) 1s formed over the microcrystal-
line semiconductor layer.

Another embodiment of the present invention 1s a photo-
clectric conversion device including a first semiconductor
layer which 1s provided over a first electrode and includes an
impurity element imparting one conductivity type; a second
semiconductor layer provided over the first semiconductor
layer; a third semiconductor layer which 1s provided over the
second semiconductor layer and includes an impunity ele-
ment imparting a conductivity type opposite to the first semi-
conductor layer; and a second electrode provided over the
third semiconductor layer. In the photoelectric conversion
device, the second semiconductor layer includes a crystal
with a three-dimensional shape tapered in a direction from an
interface with the first semiconductor layer toward an inter-
face with the third semiconductor layer.

In the above structure, the first semiconductor layer 1s
formed using a p type semiconductor, and the second semi-
conductor layer 1s formed using an 1 type semiconductor.
Further, the third semiconductor layer 1s formed using an n
type semiconductor.

In the above structure, the first semiconductor layer 1s a
microcrystalline semiconductor, and the second semiconduc-
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tor layer has a structure in which a needle-like crystal of a
crystalline semiconductor 1s present in an amorphous semi-
conductor.

Another embodiment of the present invention 1s a method
for manufacturing a photoelectric conversion device includ-
ing the steps of forming a first electrode over a substrate;
forming a first semiconductor layer of a microcrystalline
semiconductor including an impurity element imparting one
conductivity type, over the first electrode, by introducing a
reaction gas including a semiconductor source gas and a
dilution gas which are mixed 1n a mixing ratio at which a
microcrystalline semiconductor can be formed 1nto a reaction
chamber and producing plasma to deposit a film; forming a
second semiconductor layer including a crystal with a three-
dimensional shape tapered in a direction of deposition of a
f1lm, over the first semiconductor layer, by reducing a flow
ratio of the dilution gas to the semiconductor source gas as
compared to the reaction gas used for the first semiconductor
layer to deposit the film; forming a third semiconductor layer
including an impurity element imparting a conductivity type
opposite to the first semiconductor layer, over the second
semiconductor layer; and forming a second electrode over the
third semiconductor layer.

Another embodiment of the present invention 1s a method
for manufacturing a photoelectric conversion device includ-
ing the steps of forming a first electrode over a substrate;
forming a first semiconductor layer of a microcrystalline
semiconductor including an impurity element imparting one
conductivity type over the first electrode; forming a second
semiconductor layer including a crystal with a three-dimen-
sional shape tapered 1n a direction of deposition of a film, over
the first semiconductor layer, by introducing a semiconductor
source gas and a dilution gas which are mixed 1n a mixing
ratio at which an amorphous semiconductor can be formed
and producing plasma to deposit the film and by setting a flow
rate of the dilution gas to 1 time to 6 times a tlow rate of the
semiconductor source gas at an 1nitial stage of the deposition,
to deposit the film; forming a third semiconductor layer
including an impurity element imparting a conductivity type
opposite to the first semiconductor layer, over the second
semiconductor layer; and forming a second electrode over the
third semiconductor layer.

In the above structure, a silicon hydride gas, a silicon
fluoride gas, or a silicon chloride gas can be used as the
semiconductor source gas, and a hydrogen gas can be used as
the dilution gas.

Note that 1n this specification, the term “photoelectric con-
version layer” includes a layer which converts light 1into elec-
tricity and a semiconductor layer having an impurity element
imparting one conductivity type which 1s bonded 1n order to
form 1nternal electric field.

According to one embodiment of the present invention, an
amorphous semiconductor layer having a needle-like crystal
1s formed as a layer which converts light into electricity,
whereby photoelectric conversion characteristics can be
improved. Further, an amorphous semiconductor layer 1is
deposited on a microcrystalline semiconductor layer by con-
trolling the amount of dilution of a reaction gas, whereby a
crystal with a three-dimensional tapered shape can be made to
grow. In addition, a main portion which converts light into
clectricity 1s formed using an amorphous semiconductor
layer; therefore, high productivity and low cost can be
achieved and resources can be saved. Thus, a photoelectric
conversion device with improved cost competitiveness can be

provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram showing a photoelectric conversion
device according to one embodiment of the present invention.
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FIG. 2 1s a diagram of a plasma CVD apparatus which can
be used for manufacturing a photoelectric conversion device
according to one embodiment of the present invention.

FIG. 3 1s a diagram showing a structure of a multi-chamber
plasma CVD apparatus provided with a plurality of reaction
chambers.

FIG. 4 1s a diagram showing another mode of a photoelec-
tric conversion device according to one embodiment of the
present 1nvention.

FIGS. 5A to 5C are cross-sectional views showing a manu-
facturing process of an integrated photoelectric conversion
device.

FIG. 6 1s a cross-sectional view showing a manufacturing,
process of an mtegrated photoelectric conversion device.

FIGS. 7A to 7C are cross-sectional views showing a manu-
facturing process of an integrated photoelectric conversion
device.

FIG. 8 1s a cross-sectional view showing a manufacturing,
process ol an integrated photoelectric conversion device.

FIG. 9 1s a diagram showing a photo-sensor device using a
photoelectric conversion layer according to one embodiment
of the present invention.

FIG. 10 1s a diagram showing a photoelectric conversion
device according to one embodiment of the present invention.

FIGS. 11A and 11B are cross-sectional views showing a
manufacturing process ol an integrated photoelectric conver-
s10n device.

FIGS. 12A and 12B are cross-sectional views showing a
manufacturing process of an integrated photoelectric conver-
s10n device.

FIGS. 13A and 13B are diagrams showing a structure of a
laser irradiation apparatus which processes a thin film.

FIG. 14 1s a STEM 1mage at a cross section.

FIG. 15 1s a TEM 1mage at a cross section.

FIG. 16 1s a STEM 1mage at a cross section.

FIG. 17 1s a STEM 1mage at a cross section.

FIG. 18 is a SIMS profile.
FIGS. 19A and 19B are STEM 1mages at cross sections.

FIG. 20 1s a SIMS profile.

FIG. 21 1s a STEM 1mage at a cross section.
FIGS. 22A and 22B are graphs each showing photocon-

ductivity and dark conductivity.

] [T

DETAILED DESCRIPTION OF THE INVENTION

Embodiment

Embodiments of the present mvention will be described
with reference to the drawings. Note that the present inven-
tion 1s not limited to the following description, and 1t 1s easily
understood by those skilled 1n the art that modes and details
thereol can be modified 1n various ways without departing
from the purpose and the scope of the invention. Thus, the
present invention 1s not interpreted while limiting to the fol-
lowing description of the embodiments. Note that 1n the fol-
lowing description of the present invention, the same portion
1s denoted by the same reference numeral 1n different draw-
Ings.

Embodiment 1

FIG. 1 shows a structure of a photoelectric conversion
device according to this embodiment. A photoelectric con-
version device shown in FI1G. 1 has a structure including a first
clectrode 12 provided over a substrate 10, a first semiconduc-
tor layer 14 provided over the first electrode 12, a second
semiconductor layer 16 provided over the first semiconductor
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layer 14, a third semiconductor layer 18 provided over the
second semiconductor layer 16, and a second electrode 20
provided over the third semiconductor layer 18. The second
semiconductor layer 16 1s interposed between the first semi-
conductor layer 14 and the third semiconductor layer 18. The
first semiconductor layer 14 and the third semiconductor
layer 18 have opposite polarities. One of the first semicon-
ductor layer 14 and the third semiconductor layer 18 is
tformed using a p type semiconductor, and the other 1s formed
using an 1s type semiconductor. The second semiconductor
layer 16 1s formed using an 1 type semiconductor. By employ-
ing such a structure, at least one semiconductor junction 1s
included. Further, the first semiconductor layer 14 1s formed
using a microcrystalline semiconductor, and the second semi-
conductor layer 16 provided over the first semiconductor
layer 14 1s formed using an amorphous semiconductor. The
third semiconductor layer 18 may be formed using either a
microcrystalline semiconductor or an amorphous semicon-
ductor. In this embodiment, an example 1s described in which
the first semiconductor layer 14 1s formed using a p type
microcrystalline semiconductor, the second semiconductor
layer 16 1s formed using an 1 type amorphous semiconductor,
and the third semiconductor layer 18 1s formed using ann type
microcrystalline semiconductor.

The second semiconductor layer 16 1s a semiconductor
layer formed over the first semiconductor layer 14. In the
second semiconductor layer 16, a needle-like crystal 15 1s
present. The needle-like crystal 15 which 1s present in the
second semiconductor layer 16 1s a crystalline semiconductor
in which crystal growth proceeds from the side of the first
semiconductor layer 14 of a microcrystalline semiconductor.
In an amorphous semiconductor region of the second semi-
conductor layer 16, a needle-like crystal of a crystalline semi-
conductor 1s present, and the needle-like crystal or a column-
like crystal grows from the first semiconductor layer 14 side.

Here, in the second semiconductor layer 16, the needle-like
crystal 15 has a three-dimensional shape or a planar shape
which 1s tapered 1n a direction from the interface with the first
semiconductor layer 14 of a microcrystalline semiconductor
toward a surface of the second semiconductor layer 16 (on the
side of the second semiconductor layer 16 which interfaces
with the third semiconductor layer 18). The point of starting
the growth of the needle-like crystal 15 1s present on the first
semiconductor layer 14 side, and the needle-like crystal 15
grows 1o be tapered 1n an 1n-plane direction perpendicular to
a direction of crystal growth.

The second semiconductor layer 16 1s formed over the first
semiconductor layer 14. In specific, a semiconductor source
gas and a dilution gas which are mixed in a mixing ratio at
which an amorphous semiconductor can be formed are used
as areaction gas; the reaction gas 1s mntroduced into a reaction
space; and pressure of a predetermined level is held to pro-
duce plasma, typically glow discharge plasma. Thus, a film
(the second semiconductor layer 16) 1s deposited on a sub-
strate (the substrate 10 provided with the first semiconductor
layer 14) placed 1n the reaction space. Here, at the 1nitial stage
of the deposition of the second semiconductor layer 16, the
flow rate of the dilution gas 1s set to 1 time to 6 times that of
the semiconductor source gas (that is, the flow ratio of the
semiconductor source gas to the dilution gas 1s set between
1:1 and 1:6 (sccm)). In a reaction gas at the nitial stage of
deposition of the second semiconductor layer 16, the flow rate
of the dilution gas 1s set to 1 time to 6 times that of the
semiconductor source gas to deposit the film. Thus, the
needle-like crystal 15 grows 1n a direction of the deposition of
the second semiconductor layer 16 from the first semiconduc-
tor layer 14 side. By controlling the amount of dilution of a
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reaction gas to deposit an amorphous semiconductor layer on
a microcrystalline semiconductor layer, a needle-like crystal
can be made to grow.

Further, the following 1s confirmed: 1n forming the second
semiconductor layer 16, the film 1s deposited by reducing the
flow ratio of a dilution gas to a semiconductor source gas as
compared to a reaction gas used for deposition of the first
semiconductor layer 14 of a microcrystalline semiconductor;
thus, an amorphous semiconductor layer (the second semi-
conductor layer 16) having a needle-like crystal growing 1n a
direction of the deposition of the film can be formed over the
microcrystalline semiconductor layer. In specific, 1t 1s con-
firmed that an amorphous semiconductor layer having a
needle-like crystal can be formed also 1n the case where the
flow rate of the dilution gas 1s about 10 times, or 10 times or
more that of the semiconductor source gas. Furthermore, the
following 1s confirmed: a microcrystalline semiconductor 1s
formed, and a film 1s deposited by gradually reducing the flow
ratio, of the dilution gas to the semiconductor source gas at the
time of depositing the microcrystalline layer, whereby an
amorphous semiconductor layer having a needle-like crystal
growing in a direction of deposition of the film can be formed.

An amorphous semiconductor which forms the second
semiconductor layer 16 1s formed using amorphous silicon,
amorphous germanium, or the like. In specific, the second
semiconductor layer 16 can be formed with a plasma CVD
apparatus with the use of a reaction gas obtained by diluting
a semiconductor source gas typified by silane with a dilution
gas typified by hydrogen. As the semiconductor source gas,
silicon hydrnide typified by silane and disilane can be used.
Note that instead of silicon hydride, silicon chloride such as
S1H,Cl,, S1HCl,, or S1Cl,,, or silicon fluoride such as SiF , can
be used. Hydrogen 1s a typical example of a dilution gas. The
second semiconductor layer 16 can also be formed by dilution
with a rare gas element of one kind or two or more kinds
selected from helium, argon, krypton, and neon in addition to
s1licon hydride and hydrogen. As the second semiconductor
layer 16, a film 1s deposited using a reaction gas in which the
flow rate of hydrogen 1s 1 time to 6 times that of silicon
hydride at the 1nitial stage of deposition. Note that 1n depos-
iting the second semiconductor layer 16, the tlow rate of a
dilution gas may be set to 1 time to 6 times that of a semicon-
ductor source gas by the 1nitial stage 1n which a needle-like
crystal grows, and, as a reaction gas to be used after that, a
semiconductor source gas and a dilution gas which are mixed
in a mixing ratio at which an amorphous semiconductor can
be formed may be used.

The second semiconductor layer 16 1s formed using an 1
type semiconductor including the needle-like crystal 15. Note
that the 1 type semiconductor in this specification 1s a semi-
conductor having a concentration of an 1mpurity element
imparting p type or n type conductivity of 1x10°°/cm’ or
lower and having a concentration of oxygen and nitrogen of
9%x10'”/cm” or lower which are included in the semiconduc-
tor, and having photoconductivity 100 times or more as high
as dark conductivity. An 1 type semiconductor may contain
boron at 1 ppm to 1000 ppm. That 1s, there 1s a case where an
1type semiconductor exhibits weak n type conductivity when
an impurity element for controlling valence electrons 1s not
added intentionally; so, 1n the case where an 1 type semicon-
ductor 1s used for the second semiconductor layer 16, an
impurity element imparting p type conductivity may be added
concurrently with or after deposition. The impurity element
imparting p type conductivity is typically boron, and an impu-
rity gas such as B,H, or BF;, may be mixed into a semicon-
ductor source gas at a ratio of 1 ppm to 1000 ppm. Concen-
tration of boron may be 1x10"*/cm” to 6x10"%/cm”.
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FIG. 1 1illustrates an example in which the needle-like
crystal 15 which 1s present in the second semiconductor layer
16 grows from the interface with the first semiconductor layer
14 to around the middle of the second semiconductor layer 16
in a deposition direction. For example, at the initial stage of
deposition of the second semiconductor layer 16, the flow rate
of a dilution gas 1s set to 1 time to 6 times that of a semicon-
ductor source gas to deposit the film, whereby the needle-like
crystal 15 1s made to grow. In addition, at the stage where the
needle-like crystal 15 1s made to grow appropriately, the
amount of the dilution gas 1s reduced or the dilution gas is
halted, whereby crystal growth of the needle-like crystal 15
can be stopped. As shown 1n F1G. 4, the needle-like crystal 15
may be made to grow from the interface with the first semi-
conductor layer 14 so as to penetrate the interface with the
third semiconductor layer 18.

Further, the following 1s confirmed: 1n forming the second
semiconductor layer 16, the flow ratio of the dilution gas to
the semiconductor source gas 1s gradually reduced as com-
pared to a reaction gas used for deposition of the first semi-
conductor layer 14 to deposit the film, whereby the needle-
like crystal 15 can be made to grow to the middle of the
second semiconductor layer 16. For example, 1t 1s confirmed
that a needle-like crystal can be made to grow by fixing the
flow rate of a dilution gas used for a reaction gas and by
gradually increasing the tlow rate of a semiconductor source
gas.

In the second semiconductor layer 16, a region of an amor-
phous semiconductor (specifically, amorphous silicon)1s of a
direct transition type and has a high light absorption coetli-
cient. Therefore, photogenerated carriers are preferentially
generated as compared to the needle-like crystal 15. In the
second semiconductor layer 16, the region of an amorphous
semiconductor (amorphous silicon) has a band gap of 1.6 eV
to 1.8 eV, whereas the needle-like crystal 15 has a band gap of
about 1.1 eV to 1.4 eV. Due to the relation, photogenerated
carriers generated 1n the second semiconductor layer 16 flow
in the needle-like crystal 15. Such a structure reduces the
probability that a photogenerated carrier 1s trapped 1n a defect
level of the second semiconductor layer 16. In addition, due to
such a structure, photogenerated carriers flow 1n the needle-
like crystal 15 even if a photoinduced defect 1s generated;
therefore, high photoelectric conversion characteristics can
be maintained. That 1s, property changes caused by photo-
degradation, which has been conventionally regarded as a
problem, can be made small.

The first semiconductor layer 14 1s an impurity semicon-
ductor layer including an impunity element imparting one
conductivity type. The first semiconductor layer 14 1s formed
over the first electrode 12 over the substrate 10. As the impu-
rity element imparting one conductivity type, an Impurity
clement imparting p type conductivity (typically, phospho-
rus, arsenic, or antimony, which 1s an element belonging to
Group 15 1n the periodic table) or an impurity element impart-
ing p type conductivity (typically, boron or aluminum, which
1s an element belonging to Group 13 1n the periodic table) 1s
used. The first semiconductor layer 14 1s formed using a
microcrystalline semiconductor such as microcrystalline sili-
con, microcrystalline silicon germanium, or a microcrystal-
line germanium. In this embodiment, the first semiconductor
layer 14 1s formed using microcrystalline silicon including
boron, which 1s an impurity element imparting p type con-
ductivity.

The microcrystalline semiconductor 1n this specification 1s
a layer including a semiconductor having an intermediate
structure between amorphous and crystalline (including
single-crystal and polycrystal) structures. The microcrystal-
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line semiconductor 1s a semiconductor having a third state
which 1s stable in terms of free energy. For example, the
microcrystalline semiconductor 1s a layer including a semi-
conductor having the crystal grain size of equal to or greater
than 2 nm and equal to or less than 200 nm, preferably greater
than or equal to 10 nm and less than or equal to 80 nm, more
preferably greater than or equal to 20 nm and less than or
equal to 50 nm. A Raman spectrum of microcrystalline sili-
con, which 1s a typical example of a microcrystalline semi-
conductor, 1s shifted 1n lower wave numbers than 520/cm,
which represents a Raman spectrum of single crystal silicon.
That 1s, the peak of a Raman spectrum of microcrystalline
silicon 1s within the range from 520/cm, which represents
single crystal silicon, to 480/cm, which represents amorphous
s1licon. The semiconductor includes hydrogen or halogen of
at least 1 at. % or more to terminate a dangling bond. More-
over, microcrystalline semiconductor contains a rare gas ele-
ment such as helium, argon, krypton, or neon to further pro-
mote lattice distortion, so that stability 1s increased and a
favorable microcrystalline semiconductor can be obtained.
Such a microcrystalline semiconductor has lattice distortion
which changes the optical characteristics from the indirect
transition of single crystal silicon into the direct transition. At
least 10% of lattice distortion makes the optical characteris-
tics change into the direct transition. When distortion exits
locally, the optical characteristics 1n which the direct transi-
tion and the indirect transition are mixed can be obtained.
Such description about the above-described microcrystalline
semiconductor 1s disclosed 1n, for example, U.S. Pat. No.
4,409,134. In the present invention, the concept of the micro-
crystalline semiconductor 1s not fixed to only the above-
described grain size; the microcrystalline semiconductor can
be replaced with any other semiconductor material having a
property value equivalent to the above value.

The first semiconductor layer 14 1s formed using a semi-
conductor source gas and a dilution gas as a reaction gas
which are mixed in a mixing ratio at which a microcrystalline
semiconductor can be formed. In specific, a reaction gas 1n
which a semiconductor source gas typified by silane 1s diluted
with hydrogen or the like 1s introduced 1nto a reaction space
and pressure at a predetermined level 1s maintained to pro-
duce plasma, typically glow discharge plasma. Thus, as a
film, the first semiconductor layer 14 1s deposited on the
substrate 10 provided with the first electrode 12 which 1s an
object to be treated and 1s placed 1n the reaction space. As the
semiconductor source gas and the dilution gas, a material
similar to that used for deposition of the second semiconduc-
tor layer 16 can be used. That 1s, silicon hydride typified by
silane or disilane, silicon fluoride, or silicon chloride and a
dilution gas typified by hydrogen can be used, and further, a
semiconductor source gas and a rare gas element of one kind
or two or more kinds selected from helium, argon, krypton,
and neon 1n addition to hydrogen can be used. The tlow rate of
the dilution gas (for example, hydrogen) 1s set to 5 times to
200 times, preferably 50 times to 150 times, more preferably
100 times that ot the semiconductor source gas (for example,
silicon hydride) to deposit the film, whereby the first semi-
conductor layer 14 1s formed. For example, the first semicon-
ductor layer 14 can be formed by diluting a semiconductor
source gas typified by silane with hydrogen or the like and
using glow discharge plasma, in a reaction chamber of a
plasma CVD apparatus. The glow discharge plasma 1s pro-
duced by applying high-frequency power with a frequency of
1 MHz to 20 MHz, typically 13.56 MHz, or high-frequency
power with a frequency of 20 MHz to about 120 MHz, typi-
cally 27.12 MHz or 60 MHz. A high-frequency power with a

frequency of 1 GHz or more may be applied. A carbide gas
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such as CH, or C,H, or a germanium gas such as GeH, or
Gel , may be mixed into the semiconductor source gas so that
the energy band width may be adjustedtobe 1.5eV to 2.4 eV
or 0.9 eV tol.leV.

The third semiconductor layer 18 1s an impurity semicon-
ductor layer which 1s formed over the second semiconductor
layer 16 and includes an impurity element imparting one
conductivity type. The third semiconductor layer 18 includes
an impurity element imparting a conductivity type opposite to
the first semiconductor layer 14 and 1s formed using a micro-
crystalline semiconductor or an amorphous semiconductor.
In this embodiment, the third semiconductor layer 18 1is
formed using microcrystalline silicon including phosphorus,
which 1s an impurity element imparting n type conductivity.

The substrate 10 can be formed using various commer-
cially available glass plates such as soda-lime glass, opaque
glass, lead glass, strengthened glass, and ceramic glass. Fur-
ther, a non-alkali glass substrate such as an aluminoborosili-
cate glass substrate or a barium borosilicate glass substrate, a
quartz substrate, or a metal substrate such as a stainless steel
substrate can be used. In the case where the substrate 10 1s
used for a light incidence face (main light-recerving face), a
light-transmitting substrate 1s used as the substrate 10. In the
case where a main light-recerving face 1s on the substrate 10
side, the first electrode 12 1s formed using a transparent con-
ductive material such as indium oxide, an indium tin oxide
alloy (ITO), or zinc oxide, and the second electrode 20 1s
formed using a conductive material such as aluminum, silver,
titanium, or tantalum, preferably a metal material with which
a reflective electrode can be formed. In contrast, 1n the case
where a main light-recerving face 1s on the second electrode
20 side, the first electrode 12 1s formed using a conductive
material such as aluminum, silver, titanium, or tantalum, and
the second electrode 20 1s formed using a transparent con-
ductive matenal. In the case where the first electrode 12 1s
made to serve as a retlective electrode by using a metal mate-
rial such as aluminum, silver, titanium, or tantalum, 1t 1s
preferable that the first electrode 12 have depressions and
projections on a surface 1 contact with the first semiconduc-
tor layer 14 because reflectivity 1s improved.

As a transparent conductive material forming the first elec-
trode 12 or the second electrode 20, a conductive high
molecular material (also referred to as a conductive polymer)
can be used 1nstead of an oxide metal such as indium oxide,
indium tin oxide, or zinc oxide. As the conductive high
molecular material, m electron conjugated conductive poly-
mer can be used. For example, polyaniline and/or a derivative
thereol, polypyrrole and/or a derivative thereol, poly-
thiophene and/or a dertvative thereot, and a copolymer of two
or more kinds ol those materials can be given as the mt electron
conjugated conductive polymer.

FI1G. 1 illustrates the structure of the photoelectric conver-
s1on layer including a PIN junction using a stacked structure
ol the first semiconductor layer 14, the second semiconductor
layer 16, and the third semiconductor layer 18. However, a PI
junction, an IN junction, and a PN junction may be used as
semiconductor junctions that form the photoelectric conver-
s1on layer, 1n addition to the PIN junction.

Here, FI1G. 2 1s a schematic view of a plasma CVD appa-
ratus used for forming a semiconductor layer included 1n a
photoelectric conversion device according to this embodi-
ment.

Aplasma CVD apparatus 621 shown 1n FIG. 2 1s connected
to a gas supplying means 610 and an exhaust means 611.

The plasma CVD apparatus 621 shown in FIG. 2 1s pro-
vided with a reaction chamber 601, a stage 602, a gas supply
portion 603, a shower plate 604, an exhaust port 605, an upper
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clectrode 606, a lower electrode 607, an AC power source
608, and a temperature control portion 609.

The reaction chamber 601 1s formed using a material hav-
ing rigidity and 1s structured to allow vacuum evacuation
inside the reaction chamber 601. The reaction chamber 601 1s
provided with the upper electrode 606 and the lower electrode
607. Although FIG. 2 shows the structure of a capacitive
coupling type (parallel plate type), another structure such as
an inductive coupling type may be employed as long as
plasma can be produced inside the reaction chamber 601 by
applying two or more different high-frequency electric pow-
ers.

When treatment 1s performed with the plasma CVD appa-
ratus shown in FIG. 2, a given gas 1s supplied through the gas
supply portion 603. The supplied gas 1s introduced into the
reaction chamber 601 through a shower plate 604. High-
frequency power 1s applied by the AC power source 608
connected to the upper electrode 606 and the lower electrode
607 to excite the gas 1n the reaction chamber 601, thereby
producing plasma. Further, the gas in the reaction chamber
601 1s exhausted through the exhaust port 605 that 1s con-
nected to a vacuum pump. With the temperature control por-
tion 609, plasma treatment can be performed with an object to
be treated heated.

The gas supply means 610 includes a cylinder 612 filled
with a reaction gas, a pressure regulator valve 613, a stop
valve 614, a mass flow controller 615, and the like. In the
reaction chamber 601, the shower plate 604 which 1s pro-
cessed 1n a plate shape and 1s provided with a plurality of
minute pores 1s included between the upper electrode 606 and
the lower electrode 607. A reaction gas that 1s supplied to the
upper clectrode 606 passes through an mner hollow portion,
and 1s supplied to the reaction chamber 601 through the

minute pores.

An exhaust means 611 that 1s connected to the reaction
chamber 601 has a function of vacuum evacuation and a
function of controlling the pressure mnside the reaction cham-
ber 601 to be maintaimned at a predetermined level when a
reaction gas 1s 1ntroduced. The evacuation means 611
includes a butterfly valve 616, a conductance valve 617, a
turbo molecular pump 618, a dry pump 619, and the like.
When the buttertly valve 616 and the conductance valve 617
are provided in parallel, exhaust velocity of a reaction gas can
be controlled to maintain pressure in the reaction chamber
601 in a predetermined range by closing the butterfly valve
616 to operate the conductance valve 617. Moreover, to open
the buttertly valve 616 having higher conductance makes 1t
possible to perform high-vacuum evacuation.

Note that 1n the case where the reaction chamber 601 1s
subjected to ultra-high vacuum evacuation to the pressure
lower than 107 Pa, it is preferable to use a cryopump 620
together. Alternatively, when exhaust 1s performed to ultra-
high vacuum as ultimate vacuum, the inner wall of the reac-
tion chamber 601 1s polished into a mirror surface, and the
reaction chamber 601 may be provided with a heater for
baking 1n order to reduce deflation from the inner wall.

Note that by performing pre-coating treatment so that a
f1lm 1s formed to cover the inner wall of the reaction chamber
601 entirely as shown in FIG. 2, mixture of an impurity
clement attached to the mner wall of the reaction chamber or
an 1mpurity element forming the mner wall of the reaction
chamber can be prevented.

Note that the plasma CVD apparatus shown 1n FIG. 2 can
have a multi-chamber structure as shown 1n FIG. 3. The
apparatus shown in FIG. 3 includes a load chamber 401, an
unload chamber 402, a reaction chamber (1) 403a, a reaction
chamber (2) 4035, a reaction chamber (3) 403¢, and a spare




US 8,198,629 B2

11

chamber 4035 around a common chamber 407. A p type semi-
conductor layer 1s deposited in the reaction chamber (1) 4034,
and an 1 type semiconductor layer 1s deposited 1n the reaction
chamber (2) 4035. Ann type semiconductor layer 1s deposited
in the reaction chamber (3) 403¢. An object to be treated 1s
transferred to each reaction chamber through the common
chamber 407. A gate valve 408 1s provided between the com-
mon chamber 407 and each chamber such that treatment
performed in each reaction chamber do not interfere each
other. The substrate 1s placed 1n a cassette 400 provided 1n
cach ofthe load chamber 401 and the unload chamber 402 and
transierred to the reaction chamber (1) 403a, the reaction
chamber (2) 4035, and the reaction chamber (3) 403¢ by a
transier means 409 of the common chamber 407. In this
apparatus, a reaction chamber can be provided 1n accordance
with types of films to be deposited, and a plurality of different
kinds of films can be formed 1n succession without being
exposed to the atmospheric arr.

A reaction gas 1s introduced into the reaction chamber
(reaction space) of a plasma CVD apparatus having the struc-
ture as shown 1n FIG. 2 and FIG. 3 and plasma 1s produced,
whereby the first semiconductor layer 14, the second semi-
conductor layer 16, and the third semiconductor layer 18 can
be formed.

In the case where the photoelectric conversion device hav-
ing a PIN structure 1s formed, 1t i1s preferable to provide
reaction chambers corresponding to deposition of semicon-
ductor layers, namely a layer of p type, a layer of 1 type, and
a layer of n type 1n a plasma CVD apparatus.

In this case, first, the substrate 10 provided with the first
clectrode 12 1s used as an object to be treated, and a first
reaction gas 1s mtroduced into the reaction chamber (1) to
which the object to be treated 1s transferred and plasma 1s
produced to form the first semiconductor layer 14 (p type
impurity semiconductor layer) over the first electrode 12
tormed over the substrate 10. Then, the substrate 10 provided
with the first semiconductor layer 14 1s then transierred from
the reaction chamber (1) without being exposed to the atmo-
sphere and the substrate 10 1s moved to the reaction chamber
(2). A second reaction gas 1s mtroduced into the reaction
chamber (2) and plasma 1s produced to form the second
semiconductor layer 16 (1 type semiconductor layer) over the
first semiconductor layer 14. The substrate 10 provided with
the second semiconductor layer 16 1s then transferred from
the reaction chamber (2) without being exposed to the atmo-
sphere and the substrate 10 1s moved to the reaction chamber
(3). A third reaction gas 1s introduced into the reaction cham-
ber (3) and plasma 1s produced to form the third semiconduc-
tor layer 18 (n type semiconductor layer) over the second
semiconductor layer 16. FIG. 3 illustrates the case of includ-
ing three reaction chambers 1n accordance with the number of
layers to be stacked (the first semiconductor layer 14, the
second semiconductor layer 16, and the third semiconductor
layer 18).

For example, when a PI junction, an IN junction, or a PN
junction 1s formed as a photoelectric conversion layer, the
number of treatment chambers for depositing semiconductor
layers may be two. Alternatively, when a structure of layers 1s
applied in which concentrations of an impurity imparting one
conductivity type are different from each other, as the case of
a PP™N junction or a P"PP™N junction, four reaction cham-
bers may be used. On the other hand, two treatment chambers
are sullicient in some cases because the concentration of
gases mcluding impurity elements to be mtroduced nto the

reaction chambers may be controlled.

Embodiment 2

In this embodiment, an example of a so-called integrated
photoelectric conversion device 1s described, 1n which a plu-
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rality of umt cells 1s formed over one substrate and 1s con-
nected 1n series to integrate a photoelectric conversion device.
Heremafter, a manufacturing process and a structure of an
integrated photoelectric conversion device are described.

In FIG. 5A, a first electrode layer 102 1s provided over a
substrate 101. Alternatively, a substrate 101 provided with a
first electrode layer 102 1s prepared. The first electrode layer
102 1s formed to a thickness o1 40 nm to 200 nm (preferably,
50 nm to 100 nm) using a transparent conductive material
such as indium oxide, an indium tin oxide alloy, zinc oxide,
tin oxide, or indium tin oxide-zinc oxide alloy. The sheet
resistance of the first electrode layer 102 may be about 20
(2/square to 200 €2/square.

The first electrode layer 102 can be formed using a con-
ductive high molecular material (also referred to as a conduc-
tive polymer). When a thin film 1s formed using a conductive
high molecular material as the first electrode layer 102, the
thin film preferably has a sheet resistance of lower than or
equal to 10000 £2/square and a light transmittance of lower
than or equal to 70% with respect to light with a wavelength
of 550 nm. In addition, it 1s preferable that the resistivity of the
conductive high molecule contained 1n the first electrode
layer 102 be 0.1 £2-cm or lower. As the conductive high
molecule, a so-called m-electron conjugated conductive poly-
mer can be used. For example, polyaniline and/or a derivative
thereof, polypyrrole and/or a denvative thereof, poly-
thiophene and/or a derivative thereot, and a copolymer of two
or more kinds of those materials can be given.

Specific examples of a conjugated conductive high mol-
ecule are given below: polypyrrole, poly(3-methylpyrrole),
poly(3-butylpyrrole), poly(3-octylpyrrole), poly(3-decylpyr-
role), poly(3,4-dimethylpyrrole), poly(3,4-dibutylpyrrole),
poly(3-hydroxypyrrole), poly(3-methyl-4-hydroxypyrrole),
poly(3-methoxypyrrole), poly(3-ethoxypyrrole), poly(3-oc-
toxypyrrole), poly(3-carboxylpyrrole), poly(3-methyl-4-car-

boxylpyrrole), polyN-methylpyrrole, polythiophene, poly(3-
methylthiophene), poly(3-butylthiophene), poly(3-
octylthiophene), poly(3-decylthiophene), poly(3-
dodecylthiophene), poly(3-methoxythiophene), poly(3-
cthoxythiophene), poly(3-octoxythiophene), poly(3-
carboxylthiophene), poly(3-methyl-4-carboxylthiophene),

poly(3.4-ethylenedioxythiophene), polyaniline, poly(2-me-
thylaniline), poly(2-octylaniline), poly(2-1sobutylaniline),
poly(3-1sobutylaniline), poly(2-anilinesulionic acid), poly(3-
anilinesulfonic acid), and the like.

Any of the foregoing conductive high molecules may be
used alone as a conductive high molecular material for the
first electrode layer 102. Alternatively, any of the foregoing
conductive high molecules can be used with an organic resin
added thereto to adjust characteristics of the conductive high
molecular matenal.

As for an organic resin which adjusts characteristics of the
conductive high molecular material, any of a thermosetting
resin, a thermoplastic resin, or a photocurable resin may be
used as long as such resin 1s compatible with a conductive
high molecule or such resin can be mixed and dispersed into
a conductive high molecule. For example, 1s polyester-based
resin such as polyethylene terephthalate, polybutylene
terephthalate, or polyethylene naphthalate; a polyimide-
based resin such as polyimide or polyamide-imide; a polya-
mide resin such as polyamide 6, polyamide 66, polyamide 12,
or polyvamide 11; a fluorine resin such as polyvinylidene
fluoride, polyvinyl fluoride, polytetratluoroethylene, ethyl-
ene tetrafluoroethylene copolymer, or polychlorotrifluoroet-
hylene; a vinyl resin such as polyvinyl alcohol, polyvinyl
cther, polyvinyl butyral, polyvinyl acetate, or polyvinyl chlo-
ride; an epoxy resin; a Xylene resin; an aramid resin; a poly-
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urcthane-based resin; a polyurea-based resin, a melamine
resin; a phenol-based resin; polyether; an acrylic-based resin,
or a copolymer of any of those resins can be used.

Further, 1n order to adjust electric conductivity of the first
clectrode layer 102, an oxidation-reduction potential of a
conjugated electron 1 a conjugated conductive high mol-
ecule may be changed by adding an impurity to be an acceptor
or an 1mpurity to be a donor to a conductive high molecular
material.

As the impurity to be an acceptor, a halogen compound, a
Lewis acid, a protonic acid, an organic cyano compound, an
organic metal compound, or the like can be used. As examples
of the halogen compound, chlorine, bromine, 10dine, 10dine
chloride, 10dine bromide, 10dine fluoride, and the like can be
given. As examples of the Lewis acid, phosphorus pentatluo-
ride, arsenic pentafluoride, antimony pentafluoride, boron
trifluoride, boron trichloride, boron tribromide, and the like
can be given. As examples of the proton acid, inorganic acid
such as hydrochloric acid, sulturic acid, nitric acid, phospho-
ric acid, fluoroboric acid, hydrofluoric acid, and perchloric
acid and organic acid such as organic carboxylic acid and
organic sulfonic acid can be given. As the organic carboxylic
acid and the organic sulifonic acid, the above-described car-
boxylic acid compounds or sulfonic acid compounds can be
used. As the organic cyano compound, a compound in which
two or more cyano groups are included 1n a conjugated bond
can be used. For example, tetracyanoethylene, tetracyanoet-
hylene  oxide, tetracyanobenzene,  tetracyanoquin-
odimethane, tetracyanoazanaphthalene, and the like are
gIven.

As the impurity to be a donor, an alkali metal, an alkaline
carth metal, a tertiary amine compound, and the like can be
gIven.

Further, a thin film used for the first electrode layer 102 can
be formed by a wet process using a solution in which the
conductive high molecule 1s dissolved 1n water or an organic
solvent (e.g., an alcohols solvent, a ketones solvent, an esters
solvent, a hydrocarbons solvent, or an aromatics solvent) The
solvent for dissolving the conductive high molecule 1s not
particularly limited. A solvent which dissolves the above-
described conductive high molecule and polymer resin com-
pound of an organic resin or the like may be used. For
example, the conductive high molecule may be dissolved 1n
any one or a mixture ol water, methanol, ethanol, propylene
carbonate, N-methylpyrrolidone, dimethylformamide, dim-
cthylacetamide, cyclohexanone, acetone, methyl ethyl
ketone, methyl 1sobutyl ketone, toluene, or the like.

After the conductive high molecular matenal 1s dissolved
in a solvent as described above, a film thereof can be depos-
ited by a wet process such as an application method, a coating
method, a droplet discharge method (also referred to as an
inkjet method), or a printing method. The solvent may be
dried with thermal treatment or may be dried with thermal
treatment under a reduced pressure. In the case where the
organic resin added to the conductive high molecular material
1s a thermosetting resin, heat treatment may be performed
turther. In the case where the organic resin 1s a photocurable
resin, light 1rradiation treatment may be performed.

Further, the first electrode layer 102 can be formed using a
transparent conductive material that 1s a composite material
including an organic compound and an inorganic compound
showing an electron accepting property with respect to the
organic compound. In this composite material, by composite
of a first organic compound and second inorganic matter
showing an electron accepting property with respect to the
first organic compound, resistivity can be 1x10° €2-cm or less.
Note that “composite’” does not only means that a plurality of
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materials 1s simply mixed but also means that charges are
given and received between the materials by mixture of a
plurality of materials.

As the organic compound used for the composite material,
various compounds such as an aromatic amine compound, a
carbazole dervative, an aromatic hydrocarbon, and a high
molecular compound (oligomer, dendrimer, polymer, or the
like) can be used. The organic compound used for the com-
posite material 1s preferably an organic compound having a
high hole transporting property. Specifically, it 1s preferable
to use a substance having a hole mobaility of higher than or
equal to 107° cm*/Vsec. Note that a substance other than that
described above may be used as long as 1t has a property of
transporting holes rather than electrons.

Specifically, as the organic compound which can be used
for the composite maternal, examples of organic compounds
described below can be used. For example, 4,4"-bis[N-(1-
naphtyl)-N-phenylamino]biphenyl (abbreviation: NPB),
4.4'-b1s[N-(3-methylphenyl)-N-phenylamino]biphenyl (ab-
breviation: TPD), 4,4',4"-tr1is(N,N-diphenylamino)tripheny-
lamine (abbreviation: TDATA), or 4.,4'.4"-tris|[N-(3-meth-
ylphenyl)-N-phenylamino]triphenylamine  (abbreviation:
MTDATA) can be given.

When the following organic compounds are used as an
organic compound, a composite material that does not have a
peak of an absorption spectrum 1n a wavelength region o1 450
nm to 800 nm can be obtained. At the same time, resistivity
can be 1x10° Q-cm or lower, typically, 5x10%* Q-cm to 1x10°
(2-cm.

As the composite material that does not have a peak of an
absorption spectrum in a wavelength region o1 450 nm to 800
nm, aromatic amine compounds such as N,N'-di(p-tolyl)-N,
N-diphenyl-p-phenylenediamine (abbreviation: DTDPPA);
4.4'-b1s[N-(4-diphenylaminophenyl)-N-phenylamino|biphe-
nyl (abbreviation: DPAB); 4,4'-bis(N-{4-[N-(3-methylphe-
nyl)-N-phenylamino]phenyl }-N-phenylamino)biphenyl (ab-
breviation: DNTPD); and 1,3,5-tris[IN-(4-
diphenylaminophenyl)-N-phenylamino]benzene
(abbreviation: DPA3B) can be given.

Further, as the composite material that does not have a peak
ol an absorption spectrum 1n a wavelength region of 450 nm
to 800 nm, carbazole denivatives such as 3-[N-(9-phenylcar-
bazol-3-yl)-N-phenylamino]-9-phenylcarbazole (abbrevia-
tion PCzPCA1); 3,6-bis[N-(9-phenylcarbazol-3-yl)-N-phe-
nylamino]-9-phenylcarbazole (abbreviation: PCzPCA2);
3-[N-(1-naphtyl)-N-(9-phenylcarbazol-3-ylJamino]-9-phe-
nylcarbazole (abbreviation: PCzPCN1); and the like can be
given. Furthermore, carbazole dertvatives such as 4,4'-di(IN-
carbazolyl)biphenyl (abbreviation: CBP); 1,3,5-tris[4-(N-
carbazolyl)phenyl]benzene (abbreviation: TCPB); 9-[4-(N-

vl)]phenyl-10-phenylanthracene (abbreviation:

carbazo.
CzPA);, 2,3,5,6-triphenyl-1,4-bis[4-(N-carbazolyl)phenyl]
benzene; and the like can be given.

Still furthermore, as the composite material that does not
have a peak of an absorption spectrum 1n a wavelength region
of 450 nm to 800 nm, aromatic hydrocarbons such as 9,10-
di(naphthalen-2-y1)-2-tert-butylanthracene  (abbreviation:
t-BuDNA); 9,10-di(naphthalen-1-yl)-2-tert-butylanthracene;
9,10-b1s(3,5-diphenylphenyl)panthracene (abbreviation:
DPPA); 9,10-d1(4-phenylphenyl)-2-tert-butylanthracene (ab-
breviation: t-BuDBA); 9,10-di(naphthalen-2-yl)anthracene
(abbreviation: DNA); 9,10-diphenylanthracene (abbrevia-
tion: DPAnth); 2-tert-butylanthracene (abbreviation:
t-BuAnth); 9,10-d1(4-methylnaphthalen-1-yl)anthracene
(abbreviation: DMNA); 2-tert-butyl-9,10-bis| 2-(naphthalen-
1-yD)phenyl]anthracene; 9,10-bis[2-(naphthalen-1-yl)phe-
nyl]lanthracene; 2,3,6,7-tetramethyl-9,10-di(naphthalen-1-
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yl)anthracene; 2,3,6,7-tetramethyl-9,10-di(naphthalen-2-y1)
anthracene; 9,9'-bianthryl; 10,10'-diphenyl-9,9'-bianthryl;
10,10'-d1(2-phenylphenyl)-9,9'-bianthryl; 10,10'-b1s[(2,3,4,
5,6-pentaphenyl)phenyl]-9,9'-bianthryl; anthracene; tet-
racene; rubrene; pervlene; 2,5,8,11-tetra(tert-butyl )perylene;
and the like can be given. In addition, pentacene, coronene, or
the like can also be used. As these aromatic hydrocarbons
listed here, an aromatic hydrocarbon having hole mobility of
1x107° cm*/Vsec or more and having 14 to 42 carbon atoms
1s preferably used.

An aromatic hydrocarbon that can be used for the compos-
ite material that does not have an absorption peak 1n a wave-
length region of 450 nm to 800 nm may have a vinyl skeleton.
As the aromatic hydrocarbon having a vinyl group, 4,4'-bis
(2,2-diphenylvinyl)biphenyl (abbreviation: DPVB1); 9,10-
bis[4-(2,2-diphenylvinyl)phenyl]anthracene (abbreviation:
DPVPA); and the like can be given, for example.

Moreover, a high molecular compound such as poly{4-[N-
(4-diphenylaminophenyl)-N-phenyl]Jaminostyrene} (abbre-
viation: PStDPA); poly{4-[N-(9-carbazol-3-yl)-N-pheny-

lamino|styrene}  (abbreviation:  PStPCA);  poly(N-
vinylcarbazole)  (abbreviation: PVK); or poly(4-
vinyltriphenylamine) (abbreviation; PVTPA) can also be
used.

As the morganic compound used for the composite mate-
rial, an oxide of a transition metal 1s preferably used. More-
over, an oxide of a metal element belonging to any of Groups
4 to 8 1n the periodic table 1s preferable. Specifically, vana-
dium oxide, niobium oxide, tantalum oxide, chromium oxide,
molybdenum oxide, tungsten oxide, manganese oxide, and
rhenium oxide are preferable because of a high electron
accepting property. Above all, molybdenum oxide 1s particu-
larly preferable because 1t 1s stable 1n the air, easily treated,
and has low moisture absorption properties.

A method for manufacturing the first electrode layer 102 1n
which the composite material 1s used may be either a wet
method or a dry method, and any method may be used. For
example, the first electrode layer 102 in which the composite
material 1s used can be manufactured by co-evaporation of the
above organic compound and 1norganic compound. Note that
when the first electrode layer 102 1s formed using molybde-
num oxide, 1t1s preferable to form the first electrode layer 102
by an evaporation method from an aspect of the manufactur-
ing process because molybdenum oxide 1s easily evaporated
in vacuum. Further, the first electrode layer 102 can also be
manufactured by applying and baking a solution containing,
the aforementioned organic compound and metal alkoxide.
As an application method, an 1nk-jet method, a spin-coating,
method, or the like can be used.

By selecting the kind of the organic compound contained in
the composite material which 1s used for the first electrode
layer 102, a composite material that does not have a peak of an
absorption spectrum in a wavelength region o1 450 to 800 nm
can be obtained. Therefore, light such as sunlight can be
transmitted efficiently without absorption, whereby light col-
lection efficiency can be improved. Further, by forming the
first electrode layer 102 using a composite material, enhanced
flexibility can be obtained. Therefore, in the case where a
photoelectric conversion device 1s manufactured using a flex-
ible substrate, the first electrode layer 102 1s preferably
formed using a composite materal.

In terms of reducing resistance of the first electrode layer
102, 1t1s preferable touse I'TO. In this case, 1n order to prevent
deterioration of the ITO, 1t 1s effective that a SnO, film or a
/n0O film be formed over the ITO. A ZnO (ZnO:Ga) film
containing 1 to 10 wt % of gallium has high transmissivity
and 1s a favorable material to be stacked over the I'TO film. As
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an example of a combination, an ITO film 1s formed to a
thickness of 50 nm to 60 nm and a ZnO:Ga {ilm 1s formed to
25 nm over the I'TO film to form the first electrode layer 102.
Thus, a favorable light transmissive property can be obtained.
A sheet resistance of 120 to 150 €2/square 1s obtained 1n the
stacked film of an I'TO film and a ZnO:Ga film.

A photoelectric conversion layer 103 1s formed using a
microcrystalline semiconductor or an amorphous semicon-
ductor which 1s manufactured by a plasma CVD method. A
typical example of a microcrystalline semiconductor 1s
microcrystalline silicon manufactured using a reaction gas in
which a S1H,, gas 1s diluted with a hydrogen gas, and alterna-
tively, microcrystalline silicon germanium or microcrystal-
line silicon carbide 1s used. A typical example of an amor-
phous semiconductor 1s amorphous silicon manufactured
using a S1H, gas as a reaction gas, and alternatively, amor-
phous silicon carbide or amorphous silicon germanium 1s
used. The photoelectric conversion layer 103 i1ncludes any
semiconductor junction of a PIN junction, a PI junction, an IN

20 junction, or a PN junction.
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FIG. 5A shows an example of the photoelectric conversion
layer 103 having a structure 1n which a first semiconductor
layer 103a formed using a p type microcrystalline semicon-
ductor, a second semiconductor layer 1035 formed using an 1
type amorphous semiconductor, and a third semiconductor
layer 103¢ formed using an n type microcrystalline semicon-
ductor are stacked from the first electrode layer 102 side. The
thickness of the photoelectric conversion layer 103 1s 0.5 um
to 10 um, preferably 1 um to 5 um. Further, i the photoelec-
tric conversion layer 103, the thickness of the first semicon-
ductor layer 103a can be 10 nm to 20 nm and the thickness of
the third semiconductor layer 103¢ can be 20 nm to 60 nm.

In the second semiconductor layer 1035 formed over the
first semiconductor layer 1034, a needle-like crystal 104 1s
present which grows from the interface with the first semi-
conductor layer 103a toward the interface with the third semi-
conductor layer 103c¢. The first semiconductor layer 103a 1s
formed using a microcrystalline semiconductor, and, 1n a
reaction gas at the mitial stage of deposition of the second
semiconductor layer 1035, the tflow rate of a dilution gas 1s set
to 1 time to 6 times that of a semiconductor source gas to form
an amorphous semiconductor, whereby the needle-like crys-
tal 104 can be made to grow 1n a direction of deposition of the
second semiconductor layer 10356 from the first semiconduc-
tor layer 103q side.

Further, the following 1s confirmed: in forming the second
semiconductor layer 1035, the flow ratio of a dilution gas to a
semiconductor source gas 1s reduced as compared to a reac-
tion gas used for deposition of the first semiconductor layer
103a to deposit a film; thus, an amorphous semiconductor
layer having the needle-like crystal 104 growing in a direction
of deposition of the second semiconductor layer 1035 from
the first semiconductor layer 103a side can be formed. Fur-
thermore, the following 1s confirmed: a film 1s deposited by
gradually reducing the flow ratio of the dilution gas to the
semiconductor source gas as compared to a reaction gas used
for deposition of the first semiconductor layer 103a, whereby
an amorphous semiconductor layer having the needle-like
crystal 104 growing 1n a direction of deposition of the second
semiconductor layer 1035 from the first semiconductor layer
103a side can be formed.

In the state where the first semiconductor layer 103a, the
second semiconductor layer 1035, and the third semiconduc-
tor layer 103¢ are stacked or at the stage 1n which the first
semiconductor layer 103a and the second semiconductor
layer 1035 are stacked, treatment for improving crystallinity
may be performed by irradiating these semiconductor layers
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with a laser beam. A laser beam with which the semiconduc-
tor layers are 1rradiated can be ultraviolet light, visible light,
or infrared light. As a laser capable of emitting ultraviolet
light, visible light, or infrared light, an excimer laser using
KrF, ArF, XeCl, Xe, or the like; a gas laser using He, He—(Cd,
Ar, HE e, HF, or the like; a solid-state laser in which a crystal
ol YAG, GdVO,,YVO,, YLF, YAIO,, or the like 1s doped with

Cr,Nd, Er, Ho, Ce, Co, T1, 0r T, ; a semiconductor laser using
(GaN, GaAs, GaAlAs, InGaAsP, or the like; a diode laser; or
the like can be used. Typically, alaser beam with a wavelength
of 400 nm or less which 1s emitted from an eximer laser, or a
second harmonic or a third harmonic of a YAG laser can be
used. For example, a pulse laser with a repetition rate of
approximately 10 Hz to 1000 Hz 1s used, and the laser beam
emitted from the pulse laser is concentrated to be 100 mJ/cm”
to 500 mJ/cm?® with an optical system and is delivered to scan
a surface of the semiconductor layer with an overlap rate of
90% to 95%. Furthermore, as a solid-state laser capable of
continuous oscillation, a second harmonic, a third harmonic,
or a fourth harmonic 1s preferably used. Typically, a second
harmonic (532 nm) or a third harmonic (355 nm) of an
Nd:YVO, laser (the fundamental wavelength 1s 1064 nm)
may be used. In the case of using a continuous wave laser, a
laser beam which 1s emitted from a continuous wave YVO,
laser of 10 W output 1s converted into a harmonic by a non-
linear optical element. The harmonic may also be emitted by
setting a YVO, crystal and a non-linear optical element 1n a
resonator. Then, the laser beam having a rectangular shape or
an elliptical shape on an 1rradiated face 1s preferably formed
by an optical system, and the semiconductor layer which 1s an
object to be wrradiated 1s 1rradiated with the laser light. The
power density 1s necessary to be approximately 0.01]
MW/cm® to 100 MW/cm? (preferably, 0.1 MW/cm” to 10
MW/cm?). Then, the semiconductor layer which is an object
to be treated 1s preferably moved at a speed of approximately
10 cm/s to 2000 cm/s relative to the laser beam.

As shown 1n FIG. 3B, 1n order to form a plurality of unit
cells over one substrate, openings C, to C, which penetrate
the photoelectric conversion layer 103 and the first electrode
layer 102 are formed by a laser processing method. The
openings C,, C,, C,, . .. C ,, and C,  are openings for
insulating and separating unit cells. The openings are pro-
vided to form a plurality of unit cells 1n which element 1sola-
tion 1s performed. Further, the openings C,, C5, Cs, . . . and
C, _, are provided to form connections between separated first
clectrodes and second electrodes to be formed later over the
photoelectric conversionlayer 103. By formation of the open-
ings C, to C, , the first electrode layer 102 1s divided into first
electrodes T, to T, , and the photoelectric conversion layer
103 1s divided into photoelectric conversion layers K, to K .
The kind of lasers used in a laser processing method for
forming the openings 1s not limited, but a Nd-YAG laser, an
excimer laser, or the like 1s preferably used. In any case, by
performing laser processing in a state where the first electrode
layer 102 and the photoelectric conversion layer 103 are
stacked, separation of the first electrode layer 102 from the
substrate 101 during processing can be prevented.

As shown 1n FIG. 5C, mnsulating resin layers Z, to Z_ with
which the openings C,, C,,C,,...C, ,,and C, are filled and
which cover upper end portions of the openings C,, C,,
Cy...C ,,andC areformed, The insulating resin layers 7.,
to 7 may be formed using a resin material having an 1nsu-
lating property such as an acrylic-based resin, a phenol-based
resin, an epoxy-based resin, or a polyimide-based resin by a
screen printing method. For example, insulating resin pat-
terns are formed using a resin composition in which cyclo-
hexane, 1sophorone, high resistance carbon black, aerosil,
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dispersant, a defoaming agent, and a leveling agent are mixed
with a phenoxy resin by a screen printing method so that the
openings C,, C,, C,, ... C, _,, and C_ are filled. After the
insulating resin patterns are formed, thermal hardening is
performed 1n an oven at 160° C. for 20 minutes to obtain the
insulating resin layers Z, to 7. .

Next, second electrodes E, to F

= shown 1 FIG. 6 are
formed. The second electrodes E, to E_ are formed using a
conductive material. The second electrodes E, to E, may be
formed using a conductive layer formed of aluminum, silver,
molybdenum, titanium, chromium, or the like by a sputtering
method or a vacuum evaporation method. Alternatively, the
second electrodes E, to E_ can be formed using a conductive
material which can be discharged. In the case where the
second electrodes E, to E_ are formed using a conductive
material which can be discharged, predetermined patterns are
directly formed by a screen printing method, an ink-jet
method (droplet discharge method), a dispenser method, or
the like. For example, the second electrodes E, to E_ can be
formed using a conductive material containing conductive
particles of metal such as Ag (silver), Au (gold), Cu (copper),
W (tungsten), or Al (aluminum). In the case of manufacturing
a photoelectric conversion device using a large-area sub-
strate, the resistance of each of the second electrodes E to E
1s preferably made low. Therefore, a conductive material may
be used 1n which particles of any of gold, silver, or copper
which has low specific resistance, preferably silver or copper
which has low resistance are dissolved or dispersed in a
solvent as particles of metal. Further, in order to sufficiently
{11l the openings C,, C,, C., ... C __, which are subjected to
laser processing with a conductive maternial, nanopaste with
an average grain size of conductive particles of Snmto 10 nm
1s preferably used.

Alternatively, the second electrodes E, to E_ may be
formed by discharging a conductive material containing con-
ductive particles in each of which a conductive matenal 1s
covered with another conductive material. For example, as a
conductive particle formed of Cu whose periphery 1s covered
with Ag, a conductive particle provided with a buifer layer
formed of N1 or NiB (nickel boron) between Cu and Ag may
be used. As the solvent, esters such as butyl acetate, alcohols
such as 1sopropyl alcohol, or an organic solvent such as
acetone 1s used. The surface tension and viscosity of the
conductive material which 1s discharged are appropnately
adjusted by controlling concentration of a solution and add-
ing a surface active agent or the like.

A diameter of a nozzle used for an 1nk-jet method 1s pret-
erably 0.02 um to 100 um (more preterably, equal to or less
than 30 um), and the amount of the conductive material dis-
charged from the nozzle 1s preferably 0.001 pl to 100 pl (more
preferably, equal to or less than 10 pl). Although the ink-jet
method has two types that are an on-demand type and a
continuous type, both types may be used. Furthermore, a
nozzle used for an 1nk-jet method has a piezoelectric method
utilizing a property 1 which a piezoelectric substance 1s
transformed by voltage application and a heating method 1n
which an object to be discharged (here, a conductive material)
1s boiled by a heater provided 1n the nozzle to be discharged,
and both methods may be used. It 1s preferable that a distance
between an object to be treated and a discharging opening of
the nozzle be as short as possible 1n order to drop a droplet on
a desired place. The distance 1s preferably set to be approxi-
mately 0.1 mm to 3 mm (more preferably 1 mm or less).
Either the nozzle or the object to be treated moves while
keeping the relative distance between the nozzle and the
object to be treated, whereby a desired pattern can be drawn.
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A step of discharging the conductive material may be per-
formed under a reduced pressure. A step of discharging the
conductive material 1s performed under a reduced pressure
because the solvent contained 1n the conductive material 1s
volatilized while the conductive matenal 1s discharged and
reaches the object to be treated, and thus, subsequent steps of
drying and baking can be omitted or shortened. In addition, by
actively using a gas i which 10% to 30% of oxygen 1n a
partial pressure ratio 1s mixed 1n a baking step of a composi-
tion containing a conductive material, resistivity of a conduc-
tive layer forming the second electrodes E, to E_ can be
reduced, and the conductive layer can be thinned and
smoothed.

After the composition which forms the second electrodes
E,to E_ 1s discharged, either one of or both a drying step and
a baking step 1s/are performed under a normal pressure or a
reduced pressure by laser beam 1rradiation, rapid thermal
annealing (RTA), heating using a heating furnace, or the like.
Both of the drying and baking steps are heat treatment, but for
example, drying 1s performed at 100° C. for three minutes and
baking 1s performed at a temperature of 200° C. to 350° C. for
15 minutes to 120 minutes. Through this step, fusion and
welding are accelerated by hardening and shrinking a periph-
eral resin, after the solvent in the composition 1s volatilized or
the dispersant 1n the composition 1s chemically removed. The
drying and baking are performed under an oxygen atmo-
sphere, a nitrogen atmosphere, or an atmospheric atmo-
sphere. However, 1t 1s preferable that the drying and baking be
performed under an oxygen atmosphere in which a solvent in
which conductive particles are dissolved or dispersed 1s easily
removed.

Nanopaste has conductive particles, typically nanopar-
ticles each having a grain diameter of 5 nmto 10 nm which are
dispersed or dissolved 1n an organic solvent, and dispersant
and a thermosetting resin which 1s referred to as a binder are
also included. A binder has a function of preventing crack or
uneven baking during baking. By a drying step or a baking,
step, evaporation ol the organic solvent, decomposition
removal of dispersant, and hardening shrinking by the binder
proceed concurrently; accordingly, nanoparticles are fused
and/or welded to each other to be cured. By a drying step or a
baking step, nanoparticles are grown to several tens of
nanometers to hundred and several tens of nanometers. Adja-
cent growing nanoparticles are fused and/or welded to each
other to be linked, so that a metal hormogone 1s formed. On
the other hand, most of remaining organic constituents (about
80% to 90%) are pushed out of the metal hormogone; conse-
quently, a conductive layer containing the metal hormogone
and a film including an organic constituent that covers an
outer side thereol are formed. The film including an organic
constituent can be removed 1n baking nanopaste under an
atmosphere containing nitrogen and oxygen by reaction of
oxygen contained in the atmospheric air and carbon, hydro-
gen, or the like which 1s contained 1n a film formed of the
organic constituent. In addition, in the case where oxygen 1s
not contained in a baking atmosphere, the film including an
organic constituent can be removed by separately performing
oxygen plasma treatment or the like. A film containing an
organic constituent 1s removed by baking or drying the nano-
paste under an atmosphere containing nitrogen and oxygen,
then performing oxygen plasma treatment; therefore,
smoothing, thinning, and low resistance of a conductive layer
containing the remaining metal hormogone can be attempted.
Note that, since a solvent 1n a composition 1s volatilized by
discharging the composition containing a conductive material
under a reduced pressure, time of subsequent heat treatment
(drying or baking) can be shortened.
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The second electrodes E, to E_ come 1n contact with the
third semiconductor layer 103¢ forming the photoelectric
conversion layer 103. The contact between the second elec-
trodes E, to E_ and the third semiconductor layer 103c¢ 1s
ohmic contact, whereby low contact resistance can be
obtained. Further, the third semiconductor layer 103c¢ 1is
formed using a microcrystalline semiconductor and the third
semiconductor layer 103c¢ 1s formed to a thickness of 30 nm to
80 nm, whereby lower contact resistance can be obtained.

The second electrodes E,to E_ are formed to be connected
to the first electrodes T, to T, , respectively, in the openings
C,,C,C,,...,C, _,.Thatis,the openings C,,C;,C., ..., C
are filled with the same material as the second electrodes E, to
E . In such a manner, the second electrode E, can be electri-
cally connected to the first electrode T ,, for example, and the
second electrode B _; can be electrically connected to the first
electrode T, . In other words, the second electrodes can be
clectrically connected to the first electrodes adjacent thereto,
and each of the photoelectric conversion layers K, to K can
obtain electrical connection in series.

A sealing resin layer 103 1s formed using an epoxy resin, an
acrylic resin, or a silicone resin. Openings 106 and 107 are
formed in the sealing resin layer 105 over the second elec-
trode E, and the second electrode E_ so that connection with
an external wiring can be obtained in the openings 106 and
107.

Through the above steps, a unit cell U, including the first
clectrode T, the photoelectric conversion layer K, and the
second electrode E,, . .. and a unit cell U 1ncluding the first
clectrode T, , the photoelectric conversion layer K, and the
second electrode E_ are formed over the substrate 101. The
first electrode T 1s connected to the second electrode E_
adjacent thereto 1n the opeming C, _,, and thus, a photoelectric
conversion device 1 which m unit cells are electrically con-
nected 1n series can be manufactured. Note that the second

clectrode E, becomes an extraction electrode of the first elec-
trode T, 1n the unit cell U, .

FIGS. 7A to 7C and FIG. 8 show another mode of a pho-
toelectric conversion device according to this embodiment. In
FIG. 7A, a substrate 101, a first electrode layer 102, and a
photoelectric conversion layer 103 are formed 1n a manner
similar to that described above. Then, second electrodes E; to
E, are formed by a printing method over the photoelectric
conversion layer 103.

As shown in FIG. 7B, openings C, to C, which penetrate
the photoelectric conversion layer 103 and the first electrode
layer 102 are formed by a laser processing method. The
openings C,, C,, C,, . . . C_,, and C are openings for
insulating and separating unit cells, and the openings C,, C;,
C., ...C, _, are openings for forming connections between
first electrodes and the second electrodes E| to E_. The pho-
toelectric conversion layer 103 1s sandwiched between the
first electrodes and the second electrodes E, to E_. By forma-
tion of the openings C,, to C _, the first electrode layer 102 1s
divided nto first electrodes T, to T, , and the photoelectric
conversion layer 103 1s divided 1nto photoelectric conversion
layers K, to K . Inlaser processing, residue may be left in the
periphery of the openings. This residue 1s a spray of a pro-
cessed material and undesirable because the spray heated up
to a high temperature by a laser beam 1s attached to a surface
of the photoelectric conversion layer 103 and damages the
f1lm. In order to prevent the attachment of the spray or the like,
the second electrodes are formed 1n accordance with patterns
of the openings, and laser processing 1s performed after that;
accordingly, at least damage to the photoelectric conversion
layer 103 can be prevented.




US 8,198,629 B2

21

As shown 1n FIG. 7C, mnsulating resin layers Z, to Z_ with
which the openings C,,C,,C,,...C, ., and C are filled and
which cover upper end portions of the openings C,, C.,,
C,,...C _,and C are formed by a printing method, for
example, a screen printing method.

Next, as shown 1n FIG. 8, the openings C,, C,,C., ... C
are filled and wirings B, to B_ which are connected to the first
clectrodes T, to T are formed by a screen printing method.
The wirings B, to B_ are formed using the same material as
the second electrodes, and a thermosetting carbon paste 1s
used here. Note that the wiring B, 1s formed over the 1nsu-
lating resin layer Z  and 1s made to serve as an extraction
wiring. In such a manner, for example, the second electrode
E, can be electrically connected to the first electrode T,, and
the second electrode E__; can be electrically connected to the
first electrode T . In other words, the second electrodes can
be electrically connected to the first electrodes adjacent
thereto, and each of the photoelectric conversion layers K, to
K can obtain electrical connection in series.

Lastly, a sealing resin layer 1035 1s formed by a printing
method. In the sealing resin layer 105, openings 106 and 107
are formed over the wirings B, and B, , respectively, and the
wirings are connected to an external circuit in these openings.
Through the above steps, a unit cell U, including the first
clectrode T, the photoelectric conversion layer K, and the
second electrode E, . . . and a unit cell U 1including the first
clectrode T, , the photoelectric conversion layer K, and the
second electrode E__, are formed over the substrate 101. The
first electrode T, 1s connected to the second electrode E__,
adjacent thereto in the opeming C, _,, and thus, a photoelectric
conversion device 1 which m unit cells are electrically con-
nected 1n series can be manufactured. Note that the wiring B,
1s to be an extraction electrode of the first electrode T, 1n the
unit cell U, .

In the photoelectric conversion device according to this
embodiment, a needle-like crystal 1s present 1n the second
semiconductor layer forming a photoelectric conversion
layer; therefore, a photoelectric conversion device with
improved photoelectric conversion characteristics can be
obtained. Further, a photoelectric conversion device in which
characteristics are hardly degraded by photodegradation can

be obtained.

Embodiment 3

In this embodiment, an example of a photo-sensor device 1s
described as another mode of a photoelectric conversion
device.

FI1G. 9 shows an example of a photo-sensor device accord-
ing to this embodiment. This photo-sensor device shown 1n
FIG. 9 has a photoelectric conversion layer 225 in a light
receiving portion and a function of amplifying an output from
the photoelectric conversion layer 225 and outputting the
output by an amplifier circuit including a thin film transistor
211. The photoelectric conversion layer 225 and the thin film
transistor 211 are provided over a substrate 201. As the sub-
strate 201, a substrate having a light-transmitting property,
such as a glass substrate, a quartz substrate, or a ceramic
substrate can be used.

An msulating layer 202 including one or more of silicon
oxide, silicon nitride oxide, silicon nitride, and silicon oxyni-
tride 1s provided over the substrate 201 by a sputtering
method or a plasma CVD method. The insulating layer 202 1s
provided for stress relaxation and preventing impurity con-
taminant. A crystalline semiconductor layer 203 which forms
the thin film transistor 211 1s provided over the nsulating
layer 202. A gate insulating layer 203 and a gate electrode 206
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are provided over the crystalline semiconductor layer 203.
The crystalline semiconductor layer 203, the gate insulating
layer 205, and the gate electrode 206 form the thin film
transistor 211.

An interlayer insulating layer 207 1s provided over the thin
{1lm transistor 211. The interlayer insulating layer 207 may be
formed of a single 1nsulating layer or a stacked film of 1nsu-
lating layers of different materials. A wiring electrically con-
nected to a source region and a drain region of the thin film
transistor 211 1s formed over the interlayer insulating layer
207. In addition, over the interlayer insulating layer 207, an
electrode 221, an electrode 222, and an electrode 223 which
are formed using the same material and the same steps as
those of the wiring are formed. The electrodes 221 to 223 are
formed using a metal film, for example, a low resistance metal
film. Such a low-resistant metal film can be an aluminum
alloy, pure aluminum, or the like. Further, as a stacked struc-
ture of such a low-resistant metal film and a high-melting-
point metal {ilm, a three-layer structure in which a titanium
f1lm, an aluminum film, and a titanium {ilm are sequentially
stacked may be employed. Instead of the stacked structure of
the high-melting-point metal film and the low-resistant metal
film, each of the electrodes 221 to 223 can also be formed of
a single-layer conductive layer. Such a single-layer conduc-
tive layer may be formed of a single-layer film of an element
selected from titanium, tungsten, tantalum, molybdenum,
neodymium, cobalt, zirconium, zinc, ruthenium, rhodium,
palladium, osmium, iridium, or platinum; a single-layer film
using an alloy material or acompound material containing the
above-mentioned element as 1ts main component; or a single-
layer film of nitride of the above-mentioned element, such as
titanium nitride, tungsten nitride, tantalum nitride, or molyb-
denum nitride.

The interlayer insulating layer 207, the gate electrode layer
205, and the msulating layer 202 are subjected to etching
processing so as to have end portions 1n a tapered shape. By
processing the end portions of the interlayer insulating layer
207, the gate insulating layer 205, and the insulating layer 202
into a tapered shape, coverage of a protective layer 227 which
1s formed over these films are improved; therefore, moisture,
impurities, and the like hardly enter the insulating layers.

A first semiconductor layer 103a, a second semiconductor
layer 1035, and a third semiconductor layer 103¢ are formed
over the interlayer insulating layer 207. Note that the first
semiconductor layer 1034 1s at least partly contacted with the
clectrode 222. The first semiconductor layer 103a 1s formed
using a microcrystalline semiconductor layer. The second
semiconductor layer 1035 1n which a needle-like crystal 1s
made to grow 1s formed over the first semiconductor layer
103a by setting the flow rate of a dilution gas (typically
hydrogen) to 1 time to 6 times that of a semiconductor source
gas (typically silane) at the 1mitial stage of deposition. The
needle-like crystal grows toward a surface of the second
semiconductor layer 1035 from the interface with the first
semiconductor layer 103a. Concrete description on the first
semiconductor layer 1034, the second semiconductor layer
1035, and the third semiconductor layer 103 ¢ 1s similar to that
described with reference to FIGS. 5A to 5C, FI1G. 6, FIGS. 7A
to 7C, and FIG. 8. The protective layer 227 1s formed of, for
example, silicon nitride over the photoelectric conversion
layer 225. The protective layer 227 can prevent moisture and
impurities such as organic matter from being mixed into the
thin {ilm transistor 211 and the photoelectric conversion layer
225. Over the protective layer 227, an interlayer msulating
layer 228 formed using an organic resin material such as
polyimide or acrylic 1s provided. Over the protective layer
227, an electrode 231 and an electrode 232 are formed. The
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clectrode 231 1s electrically connected to the electrode 221,
and the electrode 232 1s electrically connected to an upper

layer of the photoelectric conversion layer 2235 (the third
semiconductor layer 103¢) and the electrode 223 through a
contact hole in the interlayer msulating layer 228 and the
protective layer 227. As the electrodes 231 and 232, tungsten,
titanium, tantalum, silver, or the like can be used.

Further, the following 1s confirmed: in forming the second
semiconductor layer 1035, the tflow ratio of a dilution gas to a
semiconductor source gas 1s reduced as compared to a reac-
tion gas used for deposition of the first semiconductor layer
103a to deposit a film; thus, an amorphous semiconductor
layer having a needle-like crystal growing in a direction of
deposition of the second semiconductor layer 1035 from the
first semiconductor layer 103qa side can be formed. Further-
more, the following 1s confirmed: a film 1s deposited by
gradually reducing the flow ratio of the dilution gas to the
semiconductor source gas as compared to a reaction gas used
tor deposition of the first semiconductor layer 103a, whereby
an amorphous semiconductor layer having a needle-like crys-
tal growing 1n a direction of deposition of the second semi-
conductor layer 1035 from the first semiconductor layer 103a
side can be formed.

An interlayer msulating layer 235 1s provided over the
interlayer insulating layer 228 by a screen method or an
ink-jet method, using an organic resin material such as an
epoxy resin, polyimide, acrylic, or a phenol resin. The inter-
layer msulating layer 235 1s provided with openings over the
clectrode 231 and the electrode 232. Over the mterlayer insu-
lating layer 235, an electrode 241 that is electrically con-
nected to the electrode 231 and an electrode 242 that 1s elec-
trically connected to the electrode 232 are provided by a
printing method, for example, using a nickel paste.

In the photoelectric conversion device shown i FIG. 9
which functions as a photo-sensor device, a needle-like crys-
tal 1s present in the second semiconductor layer 1035 forming,
a main portion of a layer which converts light into electricity;
therefore, a photoelectric conversion device with excellent
photoelectric conversion characteristics as compared to a
conventional photoelectric conversion device using a amor-
phous silicon thin film can be obtained. Note that although
FIG. 9 shows a photo-sensor device which has the photoelec-
tric conversion layer 225 1n the light receiving portion and
amplifies an output from the photoelectric conversion layer
225 and outputs the output by an amplifier circuit including
the thin film transistor 211, the device can be used as a
photosensor 1f a structure relating to an amplifier circuit 1s
omitted.

Embodiment 4

In this embodiment, a photoelectric conversion device hav-
ing a structure diflerent from that in the above embodiments
1s described.

FIG. 10 shows a structure of a photoelectric conversion
device according to this embodiment. The photoelectric con-
version device includes at least one semiconductor junction
by providing a second semiconductor layer 16 of an 1 type
semiconductor which 1s interposed between a first semicon-
ductor layer 14 of a p type semiconductor and a third semi-
conductor layer 18 of an n type semiconductor. The {first
semiconductor layer 14 1s formed using a microcrystalline
semiconductor. The second semiconductor layer 16 1s formed
over the first semiconductor layer 14 by setting the flow rate
of a dilution gas (typically hydrogen) to 1 time to 6 times that
of a semiconductor source gas (typically silane) at least at the
initial stage of deposition. In the second semiconductor layer
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16, a needle-like crystal 15 grows 1n a direction of deposition
of the second semiconductor layer 16 from the first semicon-
ductor layer 14 side. Note that the first semiconductor layer
14 may be formed using an n type semiconductor and the third
semiconductor layer 18 may be formed using a p type semi-
conductor.

Further, 1in the photoelectric conversion device shown 1n
FIG. 10, a p~ type semiconductor layer 13 1s provided
between the first semiconductor layer 14 and the second
semiconductor layer 16. The p~ type semiconductor layer 13
1s a semiconductor layer in which concentration of an 1mpu-
rity imparting p type conductivity 1s lower than that of the first
semiconductor layer 14. The p~ type semiconductor layer 13
1s provided between the first semiconductor layer 14 and the
second semiconductor layer 16, whereby a carrier-transport-
ing property in an interface of a semiconductor junction 1s
improved. In this case, the p type impurities 1n the p~ type
semiconductor layer 13 are distributed so that concentration
thereol 1s decreased 1n stepwise or 1n a continuous manner
from the first semiconductor layer 14 to the second semicon-
ductor layer 16, whereby a carrier-transporting property 1s
further 1mproved. Further, an interface level density 1is
reduced and the diffusion potential 1s improved by this struc-
ture, whereby an open circuit voltage of the photoelectric
conversion device 1s increased. The p~ type semiconductor
layer 13 having such a junction structure 1s formed using a
microcrystalline semiconductor, typically microcrystalline
s1licon. By formation of the p~ type semiconductor layer 13 of
a microcrystalline semiconductor 1n contact with the second
semiconductor layer 16, a needle-like crystal can be made to
grow 1n the second semiconductor layer 16.

As a substrate 10, various glass substrates described 1n
Embodiment 1 can be used. In the case where light 1s made to
enter from the substrate 10 side, a first electrode 12 1s formed
using a transparent conductive material such as indium oxide,
indium tin oxide, or zinc oxide as described in Embodiment 1.
On the other hand, in the case where the first electrode 12 1s
made to serve as a reflective electrode, the first electrode 12 1s
formed using a metal material such as aluminum, silver, tita-
nium, or tantalum described in Embodiment 1. In the case
where the first electrode 12 1s made to serve as a retlective
clectrode, retlectivity can be improved by providing depres-
sions and projections on a surface of the electrode, which 1s
preferable.

Similarly to Embodiment 1, the first semiconductor layer
14 1s formed using a microcrystalline semiconductor (typi-
cally, microcrystalline silicon) including boron as an 1impu-
rity element imparting one conductivity type.

Similarly to Embodiment 1, the second semiconductor
layer 16 1s a substantially intrinsic semiconductor and 1is
formed using an amorphous semiconductor (typically amor-
phous silicon), and in the second semiconductor layer 16, the
needle-like crystal 15 1s present. In the second semiconductor
layer 16, the needle-like crystal 15 grows 1n a direction of
deposition of the second semiconductor layer 16 from the first
semiconductor layer 14 side.

Similarly to Embodiment 1, a semiconductor source gas
typified by silane 1s diluted with a dilution gas typified by
hydrogen to form a reaction gas, and the reaction gas 1s
introduced 1nto a reaction space to produce plasma; thus, a
film of a microcrystalline semiconductor or an amorphous
semiconductor can be deposited. Further, an amorphous
semiconductor forming the second semiconductor layer 16 1s
tformed over the first semiconductor layer 14 of a microcrys-
talline semiconductor by setting the flow rate of a dilution gas
to 1 time to 6 times that of a semiconductor source gas at least
at the 1n1tial stage of deposition. By controlling the amount of
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dilution of a reaction gas in depositing the second semicon-
ductor layer 16, specifically, by controlling the amount of

dilution with a dilution gas, a needle-like crystal can be made
to grow 1n a direction of deposition of the second semicon-
ductor layer 16 from the first semiconductor layer 14 side.

Similarly to Embodiment 1, the third semiconductor layer
18 1s formed using a microcrystalline semiconductor or an
amorphous semiconductor which includes phosphorus as an
impurity element imparting one conductivity type. The sec-
ond electrode 20 over the third semiconductor layer 18 1is
formed using a metal material similar to that in Embodiment
1. In a case where light 1s made to enter from the second
clectrode 20 side, the second electrode 20 1s formed using a
transparent conductive material.

Note that a structure in which the p~ type semiconductor
layer 13 1s provided between the first semiconductor layer 14
and the second semiconductor layer 16, that 1s, a stack of the
first semiconductor layer 14, the p~ type semiconductor layer
13, the second semiconductor layer 16, and the third semi-
conductor layer 18 which 1s shown 1n FIG. 10 can be applied
to an integrated photoelectric conversion device or a photo-

sensor device which 1s shown 1n FIGS. 5A to 5C, FIG. 6,
FIGS. 7A to 7C, FIG. 8, or FIG. 9.

Embodiment 5

An integrated photoelectric conversion device having a
structure different from the above embodiments 1s described.
Hereinatter, a manufacturing process of an integrated photo-
clectric conversion device according to this embodiment 1s

briefly described.

FIGS.11A and 11B and FIGS. 12A and 12B show a manu-
facturing process of a photoelectric conversion device 1n
which a plurality of unit cells 1s provided over a substrate with
an insulating surface and the unit cells are connected in series
over the substrate. In FIG. 11A, a first electrode 12 1s formed
over a substrate 10. The first electrode 12 1s separated 1nto a
plurality of1solated regions by openings M, to M_ . In order to
form the openings M, to M_, a conductive layer 1s formed
over an entire surface of the substrate 10, and the conductive
layer 1s selectively removed by etching according to an open-
ing pattern or 1s directly processed using an energy beam such
as a laser beam.

In a case where the conductive layer, a semiconductor
layer, and an insulating layer which are formed over the
substrate 10 are processed using a laser, the processing 1s
preferably performed by concentrating light by an optical
system. This 1s because minute processing becomes possible.
In order to process a large-area substrate efficiently as
described above, formation of elongated opening patterns by
concentrating a laser beam 1nto a linear shape and performing
irradiation with a pulsed laser beam at one time or plural times
1s efficient.

FIGS. 13A and 13B show a structure of a laser 1rradiation
apparatus which processes thin films of a conductive layer, a
semiconductor layer, an insulating layer, and the like. As a
laser to be a light source, an excimer laser (various excimer
lasers such as XeCl, KrF, and ArF) or a solid-state laser
(various solid-state lasers such as YAG, YVO,, and YLF) can
be used. In a case where a plurality of layers 1s stacked as in
the photoelectric conversion device, an excimer layer for
irradiation with ultra-violet ray 1s preferably used. In order to
control the processing depth, a femtosecond laser may be
used. The processing depth can be controlled by setting an
irradiation energy and a pulsed interval as appropriate.

The laser irradiation apparatus shown i FIGS. 13A and
13B has an optical system for processing a cross-sectional
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shape of a laser beam to have a linear shape on an 1rradiation
surface. This optical system 1s designed so as to homogenize
an energy of the laser beam on an 1rradiation surface as well
as converting the cross-sectional shape of the laser beam nto
a linear shape. FIGS. 13A and 13B are a side view and a top
view lfor illustrating a structure of an optical system, respec-

tively. First, a side view shown in FIG. 13 A 1s described.

A laser beam emitted from a laser 301 1s divided 1n a
direction orthogonal to the traveling direction of the laser
beam (hereinafter, referred to as a vertical direction) by a
cylindrical array lens 302q and a cylindrical array lens 3025.
FIG. 13A illustrates a structure 1n which the laser beam 1s
divided into four beams. The divided laser beams are concen-
trated by a cylindrical lens 304. The laser beams are unified by
a cylindrical lens 305 on an object to be processed 309. Then,
the traveling direction of the laser beam 1s bent by a mirror
307, and the laser beam 1s concentrated to have a linear shape
on the object to be processed 309 on a stage 310 by a doublet
cylindrical lens 308. The doublet cylindrical lens means a lens
including two cylindrical lenses. Accordingly, energy
homogenization 1n a width direction of the linear laser beam
1s achieved, and the length in the width direction 1s deter-
mined.

Next, a top view shown in FIG. 13B 1s illustrated. The laser
beam emitted from the laser 301 1s divided 1n a direction
orthogonal to the traveling direction of the laser beam and 1n
a direction orthogonal to the vertical direction (heremafter,
referred to as a horizontal direction) by the cylindrical array
lens 303. FIG. 13B shows a structure in which the laser beam
1s divided 1nto seven beams. Then, the laser beams are syn-
thesized by the cylindrical lens 304. Accordingly, energy
homogenization 1n a longitudinal direction of a linear laser
beam 1s achieved, and a length thereof 1s determined. The
linear laser beam processed in the above structure 1s moved
into a width direction of the laser beam, whereby an entire
substrate can be processed. In the case of forming an opening,
operation of an output pulse of the laser and the stage 310 may
be combined. In order to form one opening, a position to be
irradiated with a pulsed laser beam may be 1rradiated with a
pulsed laser beam at plural times.

In FIG. 11A, a photoelectric conversion layer 1s formed
aiter the openings M, to M are formed 1n the first electrode
12. FIG. 11A 1illustrates a case where the first semiconductor
layer 14 (a p type impurity semiconductor layer), the second
semiconductor layer 16 (an 1 type semiconductor layer), and
the third semiconductor layer 18 (an n type impurity semi-
conductor layer) are formed in this order from the first elec-
trode 12 side (the structure shown 1n FIG. 1). As a structure of
the photoelectric conversion layer, a structure shown in FIG.
4 and FI1G. 10 can also be employed 1nstead of this structure.

In FIG. 11B, openings C, to C, are formed 1n the photo-
electric conversion layer. The openings C, to C penetrate the
first semiconductor layer 14, the second semiconductor layer
16, and the third semiconductor layer 18, and the processing,
1s performed so that a surface or a side face of the first
clectrode 12 1s exposed. The openings C, to C, are formed so
as to be adjacent to the openings M, to M, , with a predeter-
mined 1nterval therebetween. This step can also be performed
by laser processing.

In FIG. 12A, second electrodes 20 are formed. The second
clectrodes 20 are separated by openings S, to S, . The second
clectrodes 20 are electrically connected to the first electrodes
12 through the openings C, to C, . The opemings S, to S, are
formed to be adjacent to the openings C, to C, , respectively,
with a predetermined interval therebetween. This step can
also be performed by laser processing. In the case of perform-
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ing laser processing, selective processing becomes easy when
chromium, which has a sublimation property, 1s used for the
second electrodes 20.

Accordingly, a plurality of unit cells can be formed, each
having the photoelectric conversion layer between the first
electrodes 12 and the second electrodes 20. Thus, an inte-
grated structure 1n which adjacent unit cells are connected 1n
series can be obtained.

FIG. 12B shows a structure 1in which an extraction elec-
trode 22 1s provided over the second electrodes 20 and 1s
covered with a protective film 24, and a protective film 25 1s
turther provided. The protective film 25 has a three-layer
structure. A layer 26 of ethylene vinyl acetate (EVA) 1s an
adhesive layer which 1s melted when being heated. An alu-
minum foil 27 1s a layer for moisture proof which prevents
water vapor from entering from outside. An outer surface film
28 1s formed using polyethylene terephthalate (PET) or the
like. Accordingly, a photoelectric conversion device in which
the plurality of unit cells 1s connected to each other over the
substrate 10 can be obtained.

Example 1

In this example, a manufacturing process of a sample in
which a first semiconductor layer formed using microcrystal-
line silicon and a second semiconductor layer formed using
amorphous silicon are stacked, and the result of observation
of the manufactured sample are described.

First, a method for manufacturing the sample 1s described.
A baseto be treated was transierred into a reaction chamber of
a plasma CVD apparatus, and over the base to be treated, a
first semiconductor layer and a second semiconductor layer
were formed.

The base to be treated was transferred into the reaction
chamber of the plasma CVD apparatus, and over the base to
be treated, a microcrystalline silicon layer with a thickness of
30 nm was formed as the first semiconductor layer. Here, the
microcrystalline silicon layer was deposited under the fol-
lowing condition: the RF power source frequency was 60
MHz; the power of the RF power source was 15 W; the
deposition temperature was 280° C.; the flow ratio of silane to
hydrogen was 1:50; and the pressure was 100 Pa.

Then, the base to be treated provided with the first semi-
conductor layer was transierred from the reaction chamber
and was moved to another reaction chamber of the plasma
CVD apparatus without exposure to the atmosphere, and,
over the first semiconductor layer, an amorphous silicon layer
with a thickness of 80 nm was formed as the second semi-
conductor layer. Here, an amorphous silicon layer was
formed under the following condition: the RF power source
frequency was 27 MHz, the power of the RF power source
was 30 W, the deposition temperature was 280° C., the tlow
ratio of silane to hydrogen was 1:6, and the pressure was 66.6
Pa.

The cross section of the thus manufactured sample was
observed by a scanning transmission electron microscope
(STEM) (“scanning transmission e¢lectron microscope
HID-2300", which 1s manufactured by Hitachi High-Tech-
nologies Corporation). FIG. 14 1s a STEM 1mage of a cross
section of the sample. The STEM 1mage was taken by the
STEM. Further, FIG. 15 1s a TEM 1mage of a cross section of
the sample. The TEM 1mage was taken by a transmission
clectron microscope (TEM).

A second semiconductor layer 1003 was formed over a first
semiconductor layer 1001. Further, in the second semicon-
ductor layer 1003, formation of a needle-like crystal 1005
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extending toward a surface of the second semiconductor layer
1003 from the interface with the first semiconductor layer

1001 1s shown.

Example 2

In this example, the result of observation of a sample manu-
factured by a method different from that in Example 1 is
described below.

A method for manufacturing the sample of this example 1s
described. A base to be treated was transferred 1nto a reaction
chamber of a plasma CVD apparatus, and a first semiconduc-
tor layer and a second semiconductor layer were formed over
a substrate.

The base to be treated was transferred into the reaction
chamber of the plasma CVD apparatus, and, over the base to
be treated, a microcrystalline silicon layer with a thickness of
20 nm was formed as the first semiconductor layer. Here, a
microcrystalline silicon layer was deposited under the fol-
lowing condition: the RF power source frequency was 13.56
MHz; the power of the RF power source was 60 W, the
deposition temperature was 280° C.; the tlow ratio of silane to
hydrogen was 1:150; and the pressure was 280 Pa.

Then, the base to be treated provided with the first semi-
conductor layer was transferred from the reaction chamber
and was moved to another reaction chamber of the plasma
CVD apparatus without exposure to the atmosphere, and an
amorphous silicon layer with a thickness of 40 nm was
formed as the second semiconductor layer. Here, an amor-
phous silicon layer was formed under the following condi-
tion: the RF power source frequency was 13.56 MHz; the
power of the RF power source was 60 W; the deposition
temperature was 280° C.; the flow ratio of silane to hydrogen
was 14:15; and the pressure was 170 Pa.

The cross section of the thus manufactured sample was
observed by a STEM (“scanning transmission electron
microscope HD-2300”, which 1s manufactured by Hitachi
High-Technologies Corporation). FIG. 16 1s a STEM 1mage
ol a cross section of the sample. The STEM 1mage was taken
by the STEM.

A second semiconductor layer 1203 was formed over a first
semiconductor layer 1201. Further, 1n the second semicon-
ductor layer 1203, formation of a needle-like crystal 1205
extending toward a surface of the second semiconductor layer
1203 from the interface with the first semiconductor layer

1201 1s shown.

Example 3

In this example, the result of observation of a sample manu-
factured by a method different from that in Examples 1 and 2
1s described below.

A method for manufacturing the sample of this example 1s
described. A base to be treated was transferred 1nto a reaction
chamber of a plasma CVD apparatus, and a first semiconduc-
tor layer and a second semiconductor layer were formed over
a substrate.

The base to be treated was transferred into the reaction
chamber of the plasma CVD apparatus, and, over the base to
be treated, a microcrystalline silicon layer with a thickness of
20 nm was formed as the first semiconductor layer. Here, a
microcrystalline silicon layer including phosphorus was
deposited under the following condition: the RF power source
frequency was 60 MHz; the power of the RF power source
was 15 W; the deposition temperature was 320° C.; the ratio
of 100-ppm phosphine (diluted with hydrogen):silane:hydro-
gen was 3:4:400; and the pressure was 100 Pa.
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Then, the base to be treated provided with the first semi-
conductor layer was transferred from the reaction chamber

and was moved to another reaction chamber of the plasma
CVD apparatus without exposure to the atmosphere, and an
amorphous silicon layer with a thickness of 50 nm was
formed as the second semiconductor layer. Here, an amor-
phous silicon layer was formed under the following condi-
tion: the RF power source frequency was 27 MHz; the power
of the RF power source was 30 W; the deposition temperature
was 280° C.; the flow ratio of silane to hydrogen was 1:6; and
the pressure was 66.6 Pa. A sample in which a surface of the
amorphous silicon layer was coated with platinum (Pt coat-
ing) was used, and measurement was performed from the
amorphous silicon layer side.

The cross section of the thus manufactured sample was
observed by a STEM (“scanning transmission electron
microscope HD-2300”, which 1s manufactured by Hitachi
High-Technologies Corporation). FIG. 17 1s a STEM 1image
of a cross section of the sample. The STEM 1mage was taken
by the STEM.

A second semiconductor layer 1303 was formed over a first
semiconductor layer 1301. Further, in the second semicon-
ductor layer 1303, formation of a needle-like crystal 1305
growing toward a surface of the second semiconductor layer
1303 from the interface with the first semiconductor layer
1301 1s shown. In addition, oblique extension of the needle-
like crystal 1305 toward the surface of the second semicon-
ductor layer 1303 1s shown.

The silicon concentration and the phosphorus concentra-
tion of the sample were measured using secondary 10n mass
spectrometry (SIMS). Note that the surface of the amorphous
silicon layer (the second semiconductor layer 1303) of the
sample was coated with platinum (Pt coating), and the mea-
surement was performed from the amorphous silicon layer
(the second semiconductor layer 1303) side. FIG. 18 shows a
SIMS profile of the sample. It 1s apparent from FIG. 18 that
the phosphorus concentration is at the lower detection limit of
an apparatus used for the SIMS measurement at a depth of
approximately 20 nm. In the sample, the amorphous silicon
layer (the second semiconductor layer 1303) with a thickness
of 50 nm 1s formed; therefore, the phosphorus concentration
in the amorphous silicon layer 1s at the lower detection limait
of the apparatus used for the SIMS measurement. Thus, it 1s
likely that phosphorus does not enter the amorphous silicon
layer and phosphorus 1s not included 1n a needle-like crystal.

Example 4

In this example, the result of observation of a sample manu-
factured by a method different from that in Examples 1 to 3 1s
described below. First, a method for manufacturing the
sample observed in this example 1s described.

A glass substrate as a base to be treated was transierred into
a reaction chamber of a plasma CVD apparatus, and a semi-
conductor layer was formed over the glass substrate. Here, the
semiconductor layer was formed under the following condi-
tion: the RF power source frequency was 60 MHz; the power
of the RF power source was 15 W; the deposition temperature
was 200° C. or 25° C.; and the pressure was 100 Pa. In
addition, silane (SiH,) and hydrogen (H,) were used as a
reaction gas. As the reaction gas, at the 1mitial stage of depo-
sition, the tlow ratio of silane to hydrogen was 6:400 (sccm).
The tlow rate of silane was gradually increased 1n steps, and
deposition was performed for 5 minutes in each step. The flow
rate of silane was increased by 2 sccm each step. That is, a step
in which the tlow rate of silane was increased by 2 sccm and
deposition was performed for 5 minutes was repeated until
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the flow rate of silane was increased from 6 sccm to 42 sccm,
whereby the semiconductor layer was deposited. In specific,

at the start of deposition, deposition was performed for 5
minutes using a reaction gas i which the flow rate of silane 1s
6 sccm and the flow rate of hydrogen 1s 400 sccm; then,
deposition was performed for another 5 minutes using a reac-
tion gas 1n which the tlow rate of silane 1s increased by 2 sccm
to 8 sccm and the flow rate of hydrogen 1s 400 sccm; . . . ;
deposition was performed for another 5 minutes using a reac-
tion gas in which the flow rate of silane 1s increased to 40 sccm
and the flow rate of hydrogen 1s 400 sccm; and then, deposi-
tion was performed for another 5 minutes using a reaction gas
in which the flow rate of silane 1s increased to 42 sccm and the
flow rate of hydrogen 1s 400 sccm. Thus, the semiconductor
layer was deposited.

The cross section of the thus manufactured sample was
observed by a STEM (“scanning transmission electron
microscope HD-2300”, which 1s manufactured by Hitachi
High-Technologies Corporation). FIG. 19 A 1sa STEM image
of a cross section of the sample manufactured at a deposition
temperature of 200° C., and FIG. 19B 1s a STEM 1mage of a
cross section of the sample manufactured at a deposition
temperature of 250° C. The STEM 1mages were taken by the
STEM.

As shown 1n FIG. 19A, a region 4101 formed using a
microcrystalline semiconductor 1s formed on the glass sub-
strate 4100 side, and a region 4103 formed using an amor-
phous semiconductor 1s formed 1n a direction of deposition of
a film. In addition, as shownin FI1G. 19A, aneedle-like crystal
4105 1s formed which 1s extended 1n a direction of deposition
of the film and 1s obliquely extended toward a surface of the
f1lm (a surface of the region 4103). As shown in FIG. 19A, the
needle-like crystal 4105 1s extended to about 420 nm.

As shown 1 FIG. 19B, a region 4201 formed using a
microcrystalline semiconductor 1s formed on the glass sub-
strate 4200 side 1s formed, and a region 4203 formed using an
amorphous semiconductor 1s formed 1n a direction of depo-
sition of a film. In addition, as shown 1n FIG. 19B, a needle-
like crystal 4205 extending 1n a direction of deposition of the
f1lm 1s formed, and the needle-like crystal 4205 1s extended to
about 500 nm. In addition, the needle-like crystal 4205 is
different from the needle-like crystal 4105 in FIG. 19A 1n a
tapered shape.

From the above description, the following 1s confirmed: a
semiconductor source gas (here, silane) and a dilution gas
(here, hydrogen) which are mixed 1n a mixing ratio at which
a microcrystalline semiconductor can be formed are used as a
reaction gas, and a film 1s deposited by gradually reducing the
flow ratio of the dilution gas to the semiconductor source gas
in the reaction gas, whereby an amorphous semiconductor
region including a needle-like crystal extending 1n a direction
of deposition of a film can be formed. In addition, the follow-
ing 1s also confirmed: a needle-like crystal can be formed even
in the case where the flow rate of a dilution gas 1s about 10
times or more that of a semiconductor source gas; and an
amorphous semiconductor region including a needle-like
crystal extending 1n a direction of deposition of a film can be
formed by reducing the flow ratio of a dilution gas to a
semiconductor source gas as compared to a reaction gas used
for deposition of a microcrystalline semiconductor region to
perform deposition.

Example 5

In this example, the result of measurement of the hydrogen
concentration of a sample manufactured under the same con-
dition as Example 4 by SIMS 1s described. The tflow ratio of
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silane to hydrogen at the start of deposition was set to 6:400
(sccm) and the flow ratio of silane to hydrogen at the termai-

nation of deposition was set to 42:400 (sccm), and, until the
flow rate of silane was increased from 6 sccm to 42 sccm
while the tlow rate of hydrogen was fixed, a step in which the
flow rate of silane was increased by 2 sccm and deposition
was performed for 5 minutes was repeated. Thus, the semi-
conductor layer was deposited on a glass substrate. In spe-
cific, at the start of deposition, deposition was performed for
S minutes using a reaction gas in which the flow rate of silane
1s 6 sccm and the flow rate of hydrogen 1s 400 sccm; then,
deposition was performed for another 5 minutes using a reac-
tion gas 1n which the tlow rate of silane 1s increased by 2 sccm
to 8 sccm and the flow rate of hydrogen 1s 400 sccm; . . . ;
deposition was performed for another 5 minutes using a reac-
tion gas in which the tlow rate of silane 1s increased to 40 sccm
and the tlow rate of hydrogen 1s 400 sccm; and then, deposi-
tion was performed for another 5 minutes using a reaction gas
in which the flow rate of silane 1s increased to 42 sccm and the
flow rate of hydrogen 1s 400 sccm. Thus, the semiconductor
layer was deposited. The semiconductor layer was deposited
under the following condition: the RF power source fre-
quency was 60 MHz, the power of the RF power source was
15 W, the deposition temperature was 250° C., and the pres-
sure was 100 Pa.

FIG. 20 shows a SIMS profile of the sample of this
example. In FI1G. 20, the hydrogen concentration 1s increased
toward the direction of deposition of the film. Therefore, 1t 1s
apparent from FIG. 20 that the crystallinity of the semicon-
ductor layer formed 1n a region from a microcrystalline semi-
conductor region to an amorphous semiconductor region 1s
varied in accordance with a direction of deposition of a film.

Example 6

In this example, the result of observation of a sample with
a structure ditlerent from that in Examples 1 to 4 1s described
below. First, amethod for manufacturing the sample observed
in this example 1s described.

A layer of an alloy of aluminum and silicon (an Al—S1
layer) was formed over a glass substrate by a sputtering
method. The glass substrate provided with the Al—S1 layer
which 1s a base to be treated was transferred 1nto a reaction
chamber of a plasma CVD apparatus, and a semiconductor
layer was formed over the glass substrate with the Al—Si1
layer interposed therebetween. Here, the semiconductor layer
was formed under the following condition: the RF power
source frequency was 60 MHz; the power of the RF power
source was 15 W; the deposition temperature was 200° C.;
and the pressure was 100 Pa. In addition, silane (S1H,) and
hydrogen (H,) were used for a reaction gas. The semiconduc-
tor layer was deposited under the same condition as Example
4 with respect to the flow rate of the reaction gas (the flow
rat10 of silane to hydrogen at the start of deposition was 6:400
(sccm) and the flow ratio of silane to hydrogen at the termi-
nation of deposition was 42:400 (sccm), and a step 1n which
the flow rate of silane was increased by 2 sccm and deposition
was performed for 5 minutes was repeated until the flow rate
of silane was increased from 6 sccm to 42 sccm with the flow
rate ol hydrogen fixed). In specific, the tlow rate of silane was
set to 6 sccm and the flow rate of hydrogen was set to 400
sccm at the start of deposition and deposition was performed
for 5 minutes; then, the tlow rate of silane was increased by 2
sccm to 8 sccm and the flow rate of hydrogen was 400 sccm
and deposition was performed form 5 minutes; . . . ; the flow
rate of silane was increased to 40 sccm and the flow rate of
hydrogen was 400 sccm and deposition was performed for
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another 5 minutes; and then, the flow rate of silane was
increased to 42 sccm and the tlow rate of hydrogen was 400

sccm and deposition was performed for another 5 minutes.
Thus, the semiconductor layer was deposited.

The cross section of the thus manufactured sample was
observed by a STEM (“scanning transmission electron
microscope HD-2300”, which 1s manufactured by Hitachi
High-Technologies Corporation). FIG. 21 shows a STEM
image at a cross section of the sample.

As shown in FIG. 21, a region 4301 formed using a micro-
crystalline semiconductor 1s formed on the glass substrate
4300 side with an Al—S1 layer 4304 interposed therebe-
tween, and a region 4303 formed using an amorphous semi-
conductor 1s formed 1n a direction of deposition of a film. In
addition, as shown 1n FIG. 21, a needle-like crystal 4305 1s
formed which i1s extended 1n a direction of deposition of the
{1lm.

From the above description, the following 1s confirmed: a
semiconductor source gas (here, silane) and a dilution gas
(here, hydrogen) which are mixed 1n a mixing ratio at which
a microcrystalline semiconductor can be formed are used as a
reaction gas, and a film 1s deposited by gradually reducing the
flow ratio of the dilution gas to the semiconductor source gas
in the reaction gas, whereby an amorphous semiconductor
region including a needle-like crystal extending 1n a direction
of deposition of a film can be formed. In addition, the follow-
ing 1s also confirmed: aneedle-like crystal can be formed even
in the case where the flow rate of a dilution gas 1s about 10
times or more that of a semiconductor source gas; and an
amorphous semiconductor region including a needle-like
crystal extending 1n a direction of deposition of a film can be
formed by reducing the flow ratio of a dilution gas to a
semiconductor source gas as compared to a reaction gas used
for deposition of a microcrystalline semiconductor region to
perform deposition. Further, the following can also be con-
firmed: a microcrystalline semiconductor region and an
amorphous semiconductor region including a needle-like
crystal extending 1n a direction of deposition of a film can be
formed over a conductive layer including aluminum which
can serve as an electrode (here, Al—Si1 layer).

Example 7

In this example, the result of measurement of photocon-
ductivity (ophoto) and dark conductivity (odark) of six kinds
of samples (samples A to F) manufactured under different
conductions 1s described. A structure and a manufacturing
method of each sample are as follows.

(Sample A)

An amorphous semiconductor layer was formed to a thick-
ness ol 100 nm over a glass substrate, and an aluminum layer
with a thickness of 100 nm was formed over the amorphous
semiconductor layer. The amorphous semiconductor layer
was deposited with a plasma CVD apparatus under the fol-
lowing deposition condition: RF power source frequency was
2’7 MHz; power of the RF power source was 170 W; deposi-
tion temperature was 280° C.; pressure was 33.33 Pa. In
addition, silane (S1H,) was used for a reaction gas, and the
flow rate of the silane was 100 sccm.

(Sample B)

A microcrystalline semiconductor layer was formed to a
thickness of 100 nm over a glass substrate, and an aluminum
layer with a thickness of 100 nm was formed over the micro-
crystalline semiconductor layer. The microcrystalline semi-
conductor layer was deposited with a plasma CVD apparatus
under the following condition: RF power source frequency
was 60 MHz; power of the RF power source was 30 W;
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deposition temperature was 280° C.; pressure was 100 Pa. In
addition, silane (SiH,) and hydrogen (H,) were used for a
reaction gas, and the flow ratio of silane to hydrogen was
4:400 (sccm).

(Sample C)

A semiconductor layer C was formed over a glass substrate
to 250 nm as a target thickness, and an aluminum layer was
tormed to a thickness of 100 nm over the semiconductor layer
C. The semiconductor layer C was deposited with a plasma
CVD apparatus under the following condition: RF power
source frequency was 60 MHz; power of the RF power source
was 15 W; deposition temperature was 280° C.; pressure was
100 Pa. In addition, silane (S1H,) and hydrogen (H,) were
used for a reaction gas. The semiconductor layer C was
formed as follows. The flow ratio of silane to hydrogen 1n a
reaction gas at the start of deposition was set to 6:400 (sccm),
and the flow ratio of silane to hydrogen at the termination of
the deposition was set to 24:400 (sccm). The flow rate of
silane was gradually increased by 2 sccm and the flow rate of
hydrogen was fixed, and deposition was performed for 3
minutes in each step.

(Sample D)

A semiconductor layer D was formed over a glass substrate
to 500 nm as a target thickness, and an aluminum layer was
tormed to a thickness of 100 nm over the semiconductor layer
D. The semiconductor layer D was formed as follows. The
flow ratio of silane to hydrogen 1n a reaction gas at the start of
deposition was setto 6:400 (sccm), and the flow ratio of silane
to hydrogen at the termination of the deposition was set to
30:400 (sccm). In addition, the tlow rate of silane was gradu-
ally increased by 2 sccm and the flow rate of hydrogen was
fixed, and deposition was performed for 5 minutes 1n each
step. The deposition condition other than these was the same
as that of the sample C.

(Sample E)

A semiconductor layer E was formed over a glass substrate
to 750 nm as a target thickness, and an aluminum layer was
tormed to a thickness of 100 nm over the semiconductor layer
E. The semiconductor layer E was formed as follows. The
flow ratio of silane to hydrogen 1n a reaction gas at the start of
deposition was setto 6:400 (sccm), and the flow ratio of silane
to hydrogen at the termination of the deposition was set to
36:400 (sccm). In addition, the tlow rate of silane was gradu-
ally increased by 2 sccm and the flow rate of hydrogen was
fixed, and deposition was performed for 5 minutes 1n each
step. The deposition condition other than these was the same
as that of the sample C.

(Sample F)

A semiconductor layer F was formed over a glass substrate
to 1000 nm as a target thickness, and an aluminum layer was
tormed to a thickness of 100 nm over the semiconductor layer
F. The semiconductor layer F was formed as follows. The flow
ratio of silane to hydrogen 1n a reaction gas at the start of
deposition was setto 6:400 (sccm), and the flow ratio of silane
to hydrogen at the termination of the deposition was set to
42:400 (sccm). In addition, the tlow rate of silane was gradu-
ally increased by 2 sccm and the flow rate of hydrogen was
fixed, and deposition was performed for 5 minutes 1n each
step. The deposition condition other than these was the same
as that of the sample C.

FI1G. 22 A shows the measurement results of the samples A
and B, and FIG. 22B shows the measurement results of the
samples C to F.

As shown in FIG. 22A, photoconductivity (ophoto) of the
sample A 1s approximately 1 E-5 (S/cm), and dark conduc-
tivity (odark) of the sample A 1s approximately 1 E-10
(S/cm). Further, as shown in FIG. 22A, photoconductivity
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(ophoto) of the sample B 1s approximately 1E-3 (S/cm), and
dark conductivity (odark) of the sample B 1s approximately 1
E-6 (S/cm). The semiconductor layer of the sample A 1s
formed using an amorphous semiconductor, and the semicon-
ductor layer of the sample B 1s formed using a microcrystal-
line semiconductor. From these results, it 1s confirmed that

high photoconductivity and high dark conductivity are
obtained by using a microcrystalline semiconductor layer as
a semiconductor layer.

As shown 1n FIG. 22B, the photoconductivity (ophoto) of
cach of the samples C to F 1s approximately 1 E-4 (S/cm) and
the dark conductivity (odark) of each of the samples C to F 1s
approximately 1 E-5 (S/cm) to 1 E-6 (S/cm). Further, as
shown 1n FIG. 22B, the samples C to F have almost the same
characteristics as the sample B including a microcrystalline
semiconductor layer.

The deposition condition of the semiconductor layers of
the samples C to F was similar to that in Example 4. A film 1s
deposited by using silane and hydrogen which are mixed 1n a
mixing ratio at which a microcrystalline semiconductor can
be formed, and by gradually reducing the flow ratio of hydro-
gen to silane 1n the reaction gas. It 1s confirmed that, by
gradually reducing the flow ratio of hydrogen to silane to
perform deposition, a microcrystalline semiconductor region
and an amorphous semiconductor region having a needle-like
crystal extending 1n a direction of deposition of a film can be
formed over the microcrystalline semiconductor region.
From the above description, 1t can be confirmed that a semi-
conductor layer including a stacked structure of a microcrys-
talline semiconductor region and an amorphous semiconduc-
tor region having a needle-like crystal extending 1n a direction
of deposition of a film 1s equal to a microcrystalline semicon-
ductor 1n characteristics of conductivity.

This application 1s based on Japanese Patent Application
serial no. 2008-116079 filed with Japan Patent Oflice on Apr.
25, 2008, the entire contents of which are hereby incorporated
by reference.

What 1s claimed 1s:

1. A photoelectric conversion device comprising:

a first semiconductor layer over a first electrode, the first
semiconductor layer comprising an impurity element
imparting one conductivity type;

a second semiconductor layer over the first semiconductor
layer;

a third semiconductor layer over the second semiconductor
layer, the third semiconductor layer comprising an
impurity element imparting a conductivity type opposite
to the first semiconductor layer; and

a second electrode over the third semiconductor layer,

wherein the second semiconductor layer comprises a crys-
tal with a three-dimensional shape tapered 1n a direction
from an interface with the first semiconductor layer
toward an interface with the third semiconductor laver,
and

wherein the crystal obliquely extends from the interface
with the first semiconductor layer.

2. The photoelectric conversion device according to claim

1, wherein the first semiconductor layer 1s formed using a p
type semiconductor, the second semiconductor layer 1s
formed using an 1 type semiconductor, and the third semicon-
ductor layer 1s formed using an n type semiconductor.

3. The photoelectric conversion device according to claim

1,

wherein the first semiconductor layer 1s a microcrystalline

semiconductor, and
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wherein the second semiconductor layer has a structure 1n
which the crystal with the three-dimensional shape
tapered 1s present 1n an amorphous semiconductor.

4. The photoelectric conversion device according to claim

15

wherein the third semiconductor layer 1s a microcrystalline
semiconductor.

5. The photoelectric conversion device according to claim

1,

wherein a hydrogen concentration of the second semicon-
ductor layer 1s increased in the direction from the inter-
face with the first semiconductor layer toward the inter-
face with the third semiconductor layer.

6. The photoelectric conversion device according to claim

1, further comprising a fourth semiconductor layer between
the first electrode and the first semiconductor layer,

wherein the fourth semiconductor layer comprises the
same 1mpurity element 1n the first semiconductor layer,
and

wherein a concentration of the impurity element 1n the first
semiconductor layer 1s lower than a concentration of the
impurity element 1n the fourth semiconductor layer.

7. A photoelectric conversion device comprising:

a first semiconductor layer over a first electrode, the first
semiconductor layer comprising an impurity element
imparting one conductivity type;

a second semiconductor layer over the first semiconductor
layer;

a third semiconductor layer over the second semiconductor
layer, the third semiconductor layer comprising an
impurity element imparting a conductivity type opposite
to the first semiconductor layer; and

a second electrode over the third semiconductor layer,

wherein the second semiconductor layer comprises a crys-
tal with a three-dimensional shape tapered 1n a direction
from an interface with the first semiconductor layer
toward an interface with the third semiconductor layer,
and

wherein the crystal penetrates the interface with the third
semiconductor layer.

8. The photoelectric conversion device according to claim

7, wherein the first semiconductor layer 1s formed using a p
type semiconductor, the second semiconductor layer 1s
formed using an 1 type semiconductor, and the third semicon-
ductor layer 1s formed using an n type semiconductor.

9. The photoelectric conversion device according to claim

7,
wherein the first semiconductor layer 1s a microcrystalline
semiconductor, and
wherein the second semiconductor layer has a structure 1n
which the crystal with the three-dimensional shape
tapered 1s present 1n an amorphous semiconductor.
10. The photoelectric conversion device according to claim
7,
wherein the third semiconductor layer 1s a microcrystalline
semiconductor.
11. The photoelectric conversion device according to claim
7,
wherein a hydrogen concentration of the second semicon-
ductor layer 1s increased in the direction from the inter-
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face with the first semiconductor layer toward the inter-
face with the third semiconductor layer.
12. The photoelectric conversion device according to claim
7, Turther comprising a fourth semiconductor layer between
the first electrode and the first semiconductor layer,
wherein the fourth semiconductor layer comprises the
same 1mpurity element 1n the first semiconductor layer,
and

wherein a concentration of the impurity element 1n the first
semiconductor layer 1s lower than a concentration of the
impurity element 1n the fourth semiconductor layer.

13. A photoelectric conversion device comprising:

a first semiconductor layer over a first electrode, the first
semiconductor layer comprising an impurity element
imparting one conductivity type;

a second semiconductor layer over the first semiconductor
layer;

a third semiconductor layer over the second semiconductor
layer, the third semiconductor layer comprising an
impurity element imparting a conductivity type opposite
to the first semiconductor layer; and

a second electrode over the third semiconductor layer,

wherein the second semiconductor layer comprises a crys-
tal with a three-dimensional shape tapered 1n a direction
from an interface with the first semiconductor layer
toward an 1nterface with the third semiconductor layer,
and

wherein the crystal reaches the interface with the third
semiconductor layer.

14. The photoelectric conversion device according to claim
13, wherein the first semiconductor layer 1s formed using a p
type semiconductor, the second semiconductor layer is
formed using an 1 type semiconductor, and the third semicon-
ductor layer 1s formed using an n type semiconductor.

15. The photoelectric conversion device according to claim
13,

wherein the first semiconductor layer 1s a microcrystalline
semiconductor, and

wherein the second semiconductor layer has a structure 1n
which the crystal with the three-dimensional shape
tapered 1s present 1n an amorphous semiconductor.

16. The photoelectric conversion device according to claim

13,

wherein the third semiconductor layer 1s a microcrystalline
semiconductor.

17. The photoelectric conversion device according to claim

13,

wherein a hydrogen concentration of the second semicon-
ductor layer 1s increased 1n the direction from the inter-
face with the first semiconductor layer toward the inter-
face with the third semiconductor layer.

18. The photoelectric conversion device according to claim
13, further comprising a fourth semiconductor layer between
the first electrode and the first semiconductor layer,

wherein the fourth semiconductor layer comprises the
same 1mpurity element 1n the first semiconductor layer,
and

wherein a concentration of the impurity element 1n the first
semiconductor layer 1s lower than a concentration of the
impurity element 1n the fourth semiconductor layer.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 8,198,629 B2 Page 1 of 1
APPLICATION NO. : 13/023601

DATED : June 12, 2012

INVENTOR(S) : Shunpe1 Yamazaki et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

Column 1, line 66, replace “hulk™ with --bulk--;

Column 2, line 1, replace “hulk™ with --bulk--;

Column 5, lIine 10, replace “1s” with --n--;

Column 6, line 19, after “ratio” delete «,”;

Column 7, line 51, replace “Impurity’” with --impurity--;

Column 12, line 57, replace “1s” with --a--;

Column 14, line 33, replace “N-diphenyl-p-phenylenediamine™ with
--N'-diphenyl-p-phenylenediamine--;

Column 14, line 59, replace “9,10-bis (3,5-diphenylphenyl)panthracene™ with
--9,10-bis (3,5-diphenylphenyl)anthracene--;

-

Column 15, line 23, after “abbreviation™ replace *;” with --:--;

ee 99

Column 17, line 61, after “formed™ replace *,” with --.--.

Signed and Sealed this
Tharty-first Day of July, 2012

David J. Kappos
Director of the United States Patent and Trademark Office
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